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ABSTRACT 
A s i g n i f i c a n t improvement i n t-.hs performance of data base 
systems may be achieved by dynamically optimising the storage 
o r g a n i s a t i o n and the a c c e s s paths i n accordance with the 
usage p a t t e r n s . 
The p r i n c i p l e of defined r e l a t i o n s may be .employed to ensure 
t h a t a given r e l a t i o n a l data base i s tuned to match i t s usage 
p a t t e r n . T h i s t h e s i s d e s c r i b e s some o r i g i n a l c o n t r i b u t i o n s 
to the s o l u t i o n of the update problem of defined r e l a t i o n s . 
Some methods of improving the response time without i m p a i r i n g 
the u t i l i z a t i o n of d i s k space have been i n v e s t i g a t e d , and a 
g e n e r a l i s e d page replacement algorithm f o r the management of 
the data base work space i s recommended. 
The arguments i n t h i s t h e s i s are supported by examples drawn 
from e x i s t i n g r e l a t i o n a l data bases. As a whole, the t h e s i s 
emphasises the b e n e f i t s of o r g a n i s i n g the data base i n a 
manner d i c t a t e d by the a c t i v i t y of i t s u s e r s . 
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PREFACE 
For the sake of readers who are not acquainted with the 
terminology of the r e l a t i o n a l model, Appendix 1 provides 
a b r i e f explanation of r e l a t i o n a l concepts. 
A b r i e f survey of the e v o l u t i o n of r e l a t i o n a l data bases 
follows t h i s p r e f a c e . 
An e a r l y v e r s i o n of the experimental prototype r e l a t i o n a l 
data base system IS/1.0 was made a v a i l a b l e to the author 
by courtesy of the IBM UK S c i e n t i f i c Centre, P e t e r l e e , 
Co. Durham, f o r the i n v e s t i g a t i o n of data base problems. 
A b r i e f d e s c r i p t i o n of the IS/1.0 system i s given i n 
Appendix 2. 
Chapter 1 i s the a n a l y s i s of a g e o l o g i c a l r e l a t i o n a l data 
base. The g e o l o g i c a l r e f e r e n c e s are compiled s e p a r a t e l y 
at the end of Chapter 1. I n the t e x t Roman s c r i p t has 
been used f o r g e o l o g i c a l r e f e r e n c e s . 
Chapter 2 introduces the concept of defined r e l a t i o n s and 
contains an o r i g i n a l c o n t r i b u t i o n to t h e i r update problem. 
I n Chapters 3 and 4 the management of the data base 
workspace i s d i s c u s s e d . The problem i s formulated as a 
g e n e r a l i s e d page replacement problem. 
Chapter 5 d i s c u s s e s the p a r t i t i o n i n g of data base r e l a t i o n s 
t o match the u s e r ' s q u e r i e s . 
Chapter 6 i n v e s t i g a t e s the p o s s i b i l i t y of improving the 
response time by the j u d i c i o u s choice of secondary indexes. 
The arguments i n the t h e s i s are supported by examples drawn 
from e x i s t i n g data bases. 
THE STATE OF THE ART 
1. The e v o l u t i o n o f i n t e g r a t e d d a t a base management s y s t e m s 
The r a p i d t e c h n i c a l grov/th i n t h e f i e l d o f computers has g i v e n 
g r e a t e r s p e e d s , t h e p o s s i b i l i t y o f s t o r i n g l a r g e s i z e s o f 
i n f o r m a t i o n , and i n c r e a s e d c o m p l e x i t y of p r o c e s s i n g . The 
e v o l u t i o n o f h i g h l e v e l l a n g u a g e s and t h e a r r i v a l o f d i r e c t 
a c c e s s s t o r a g e d e v i c e s have widened t h e f i e l d s o f computer 
a p p l i c a t i o n s and have e n l a r g e d t h e community o f u s e r s . 
T h i s p r o g r e s s i n t h e t e c h n o l o g y had i t s impact on computer 
f i l e s . The f i l e i s no l o n g e r s e e n as p a r t of t h e prog-i-arr.< 
The d a t a d e s c r i b i n g the f i l e i s no l o n g e r stored, i n the program 
but has now been s t o r e d i n the f i l e i t s e l f . F i l e s have become 
more i:iL - 3'jrati jd and a r e hence t h e t a r g e t s of many progiaiViS 
i n s t e a d of o n l y one program [Senko e t a l 19 7 1 ] . 
With l a r g e f i l e s p r o c e s s e d o n - l i n e , new problems and t e c h n i q u e s 
have e v o l v e d . The s e q u e n t i a l p r o c e s s i n g of an e n t i r e f i l e t o 
a c c e s s a s i n g l e r e c o r d f o r a t r a n s a c t i o n i s no l o n g e r s a t i s -
f a c t o r y . A w e l l - d e s i g n e d f i l e o r g a n i s a t i o n p r o v i d e s a way 
of i m m e d i a t e l y p r o c e s s i n g t r a n s a c t i o n s one by one, t h e r e b y 
a l l o w i n g t h e d a t a b a s e t o keep an u p - t o - t h e - s e c o n d s t o r e d 
p i c t u r e of t h e r e a l w o r l d . 
I n s p i t e o f t h e a t t e n t i o n g i v e n t o t h e d e s i g n o f i n f o r m a t i o n 
s y s t e m s , t h e r e i s l i t t l e i n common betv/een d i f f e r e n t s y s t e m s . 
T h i s i s due t o the r a p i d t e c h n i c a l growth, the newness o f t h e 
f i e l d and t h e wide d i f f e r e n c e i n t h e needs of t h e p e o p l e 
embraced. 
i i i 
2. The d e s c r i p t i o n o f d a t a b a s e s 
I n the a b o v e - d e s c r i b e d e n v i r o n m e n t t h e work on the d e s c r i p t i o n 
o f d a t a b a s e s y s t e m s h a s t a k e n two g e n e r a l d i r e c t i o n s [ Senko e t 
a l 19 73] One approach h a s been t o improve d e s c r i p t i o n s a t a 
g r o s s - f e a t u r e l e v e l . An example o f t h i s group i s t he CODASYL 
Systems Committee[CODASYL 1 9 7 1 ] . 
O t h e r w o r k e r s have c o n s t r u c t e d more d e t a i l e d s y s t e m - i n d e p e n d e n t 
d e s c r i p t i o n s . More r e c e n t l y w i t h t h e r e c o g n i t i o n o f t h e 
i m p o r t a n c e o f d a t a b a s e s y s t e m s , u s e f u l p u b l i c a t i o n s have 
a p p e a r e d , f o r example by [ C h i l d s 1 9 6 8 ] , t h e D a t a Base T a s k 
Group(DBTG)[CODASYL DBTG 19 6 9 ] , [ C o d d June 1 9 7 0 ] , [ E n g l e s 19 70] 
and t h e [GUIDE/SHARE 19 7 0 ] , t o mention o n l y a few. 
The l a t t e r c r oup d e v e l o p e d i n t o two s c h o o l s fol"'ov/ijig tv.7*j 
a p p a r e n t l y d i f f e r e n t a p p r o a c h e s : t h e DBTG and t h e r e l a t i o n a l 
3. The r e l a t i o n a l and DBTG (net work) approach e n 
3 • 1 Z!iiE_55ri'G_§E2£g§ch 
Some o f t h e s a l i e n t f e a t u r e s o f t h i s approach a r e : 
( i ) Two s t a g e s o f d a t a d e f i n i t i o n a r e r e q u i r e d . The 
f i r s t i s per f o r m e d u s i n g t h e Schema D a t a D e f i n i t i o n 
Language and t h e s e c o n d u s i n g t h e D e v i c e Media 
C o n t r o l Language. The p r o c e s s of d a t a d e f i n i t i o n 
may be performed i n a s e r i e s o f s t a g e s . [ O l l e 
September 19 73] 
( i i ) The programmer s e e s t h e d a t a o n l y as i t i s d e f i n e d 
i n t h e D a t a D e f i n i t i o n Language by t h e d a t a b a s e 
a d m i n i s t r a t o r , i . e . t h e d a t a base a d m i n i s t r a t o r 
i V 
has more c o n t r o l over the mapping t o the p h y s i c a l 
storage. 
( i i i ) I t has a network view [Appendix 1,B] together with 
a network handling technique. Since the r e l a t i o n a l 
model does not support networks at the schema 
l e v e l , the DBTG approach i s u s u a l l y r e f e r r e d to 
as the network approach, 
( i v ) The programmer navigates h i s way through the data 
base using 'one record a t a time l o g i c 1 . [Bachman 
November 1973J,[McGee 1974] and [ O l l e September 1974] 
There are many e x i s t i n g a p p l i c a t i o n s patterned a f t e r t h i s 
approach, e.g. by [ P h i l l i p s 1973] and [ S i b l e y 1974], 
3.2 T h e ^ r e l a t i o n a l ^ approach 
The r e l a t i o n a l model i s based on a sound s e t t h e o r e t i c approa 
to data. The data i s conceptually seen i n the form of data 
t a b l e s ( c a l l e d n-ary r e l a t i o n s or r e l a t i o n s ) . 
In order to i n t e r a c t with t h i s data the us e r needs to know th 
names of the r e l a t i o n s and the domains ( a t t r i b u t e s or column 
headings) of i n t e r e s t t o him i n each r e l a t i o n . 
Codd's r e l a t i o n a l model provides the f o l l o w i n g advantages 
[Codd 19 7 4 ] : 
( i ) A simple s t r u c t u r e c o n s i s t e n t with the semantics of 
the s t o r e d information. T h i s makes i t p o s s i b l e to 
use a l o g i c a l l y simple language t o i n t e r a c t with the 
information. The r e l a t i o n a l data sublanguages are 
high l e v e l languages, e.g. SQUARE [Boyce e t a l 
Y 
October 1973] and SEQUEL [Boyce e t a l December 1973]. 
( i i ) A uniform view of data i n the sense t h a t there i s no 
d i s t i n c t i o n between a t t r i b u t e s and r e l a t i o n s h i p s : 
both are represented as t u p l e s . Therefore, a small 
s e t of operations i s re q u i r e d i n the data sublanguage, 
( i i i ) I t i s a complete model, i . e . a l l data s t r u c t u r e s 
commonly employed i n data base systems can e a s i l y 
be c a s t i n t o r e l a t i o n a l form. 
(i v ) I t possesses data independence [Appendix 1 ] . 
R e l a t i o n a l data bases can support networks at the subscheme 
[Boyce e t a l December 1973J. 
3.3 The impact of t. n.e_relationai_ap_proach_on the computer 
When the r e l a t i o n a l model was introduced, the mathematical 
aspect of i t a t t r a c t e d the a t t e n t i o n of those i n the computer 
community who are mathematically o r i e n t e d . Indeed, i t i s 
extremely d i f f i c u l t f o r a non-mathematician t o follow the e a r l 
l i t e r a t u r e on the r e l a t i o n a l model. Some of the terminology 
was a l i e n to the data p r o c e s s i n g community which i s mostly 
concerned with data bases. The r e a c t i o n to t h i s was: 
"The development of the computational aspect of information 
handling, and computer design i t s e l f , has been u n i v e r s i t y -
l e d . However, data bases and data p r o c e s s i n g have been 
mainly developed by the p r a c t i t i o n e r s ; data p r o c e s s i n g 
has grown to immense proportions with the t h e o r e t i c i a n s 
lagging f a r behind. T h i s may be because there i s l i t t l e 
or no t h e o r e t i c a l b a s i s i n most data p r o c e s s i n g systems, 
because the t h e o r e t i c a l b a s i s i s t r i v i a l , or because the 
v i 
world has grasped at the computer, which was designed to 
be a computing engine, and f o r c e - d r a f t e d i t i n t o i t s r o l e 
as an information engine, l e a v i n g the t h e o r e t i c i a n s f a r 
behind. " [ Bachman 1.9 73 ] 
When the f r i e n d s and foes have t e s t e d the v a l i d i t y of the claims 
supporting the r a t i o n a l model, some informal agreement seems to 
have emerged. This i s summarised i n the f o l l o w i n g : 
(a) The u s e r ' s view of the data and the query language 
o f f e r e d by the r e l a t i o n a l model are v i a b l e . T h i s 
agreement i s r e f l e c t e d by the suggestions made f o r 
using the r e l a t i o n a l model as a user i n t e r f a c e to 
data bases which are not r e l a t i o n a l [ GUv 1974], 
[ B r a c c h i e t a l 19741 and [Dee et a l 1973] 
(b) Some concern i s expressed about the f e a s i b i l i t y of 
e f f i c i e n t implementations of the r e l a t i o n a l model 
with a l l i t s powerful c a p a b i l i t i e s . I t i s not 
known how much of the system resources can be traded 
o f f for the u s e r convenience. T h i s has l e d to the 
development of new approaches to some problems which 
came i n t o e x i s t e n c e with the r e l a t i o n a l model, 
e.g. the problems of the t h i r d normal form, the 
development of e f f i c i e n t j o i n o p e r ators, e t c . 
However, the p r o p o s i t i o n of the r e l a t i o n a l model has s t i m u l a t e d 
r e s e a r c h and i n v e s t i g a t i o n i n an expanding area of computer 
s c i e n c e . With the r a p i d l y p r o g r e s s i n g technology, the 
i n c r e a s i n g number of c a s u a l u s e r s and the c o n s t a n t l y decreasing 
cost of computer r e s o u r c e s , the model that o f f e r s the maximum 
v i i 
user convenience i s bound t o s u r v i v e . 
One approach to improve the performance of data bases i s to 
gear the storage o r g a n i s a t i o n and the access paths to the user 
requirements. I n t h i s t h e s i s the d i s c u s s i o n centres round 
the tuning of storage requirements i r a r e l a t i o n a l data base 
i n a manner d i c t a t e d by the usage p a t t e r n . 
Some of the f a c i l i t i e s of the r e l a t i o n a l model are employed 
to achieve an optimum u t i l i z a t i o n of the data base resources 
and to improve the response time. 
Automatic methods f o r the adaptation of the data base s t r u c t u r e s 
to the requirements of use r s i n a m u l t i - u s e r environment are 
suggested. In t h i s r e s p e c t the t h e s i s i s a c o n t r i b u t i o n t o 
the emerging r e s e a r c h f i e l d of s e l f o r g a n i s i n g data management 
systems [ S t o c k e r and Dearnley 19 73], 
The problems t r e a t e d i n the t h e s i s have stemmed from the 
p r a c t i c a l needs of a r e l a t i o n a l data base system. 
v i i i 
Chapter 1 
DESCRIPTION OF THE GEOLOGICAL DATA BASE • 
In order to have a f i r s t - h a n d pragmatic experience and an 
i n s i g h t i n t o the operation and problems of r e l a t i o n a l data 
bases one needs: 
- a large volume of n a t u r a l r e a l world data 
- a group of u s e r s who are i n t e r e s t e d i n e x t r a c t i n g 
information from t h a t data f o r t h e i r own benefit.. 
Such an environment e x i s t e d i n the Department of Geology at 
Durham U n i v e r s i t y . The v a s t amount of g e o l o g i c a l data and 
the complexity of the q u e r i e s i n v o l v e d w i l l , to a reasonable 
e x t e n t , f u l f i l the purpose of a r e s e a r c h worker i n the f i e l d 
of information systems. I n t h i s chapter, I w i l l d e s c r i b e 
t h i s sample data base i n some d e t a i l . I n l a t e r c hapters, 
frequent r e f e r e n c e w i l l be made to t h i s data base. 
The p r o v i s i o n of a data base f o r g e o l o g i s t s i s not a new 
p r o p o s i t i o n ; however, a l l previous e f f o r t s [ i , i i ] l a c k data 
independence. 
1. G e o l o g i c a l Information Systems 
There are v a s t amounts of c o l l e c t e d data i n many f i e l d s of 
geology. The present problems stem from the f a c t t h a t a 
l a r g e proportion of the m a t e r i a l i s unpublished and with the 
absence of standards i n the nomenclature, d u p l i c a t i o n i n 
r e s e a r c h e f f o r t s a r i s e s , f o r example, analyses have been 
c a r r i e d out on rock-forming minerals which are already 
analysed somev/here e l s e . T h i s d u p l i c a t i o n i s a t t r i b u t e d 
to e i t h e r the lack of communication or to the d i f f e r e n t names 
given to the same rock-forming mi n e r a l . 
^" ' ; : , ! U 
G e o l o g i s t s f e e l t h a t l a r g e data banks f o r g e o l o g i c a l data w i l l 
be an emerging b a s i s f o r i n t e r n a t i o n a l communication i n t h i s 
f i e l d E i i i ] . 
There are many f i l e s of data on rocks (rock f i l e s ) and data 
banks i n d i f f e r e n t p l a c e s t a i l o r e d to s u i t the s p e c i f i c 
requirements of a community of u s e r s . Many Departments of 
Geology i n u n i v e r s i t i e s have such s p e c i a l purpose systems. 
An example i s the RKNFSYS (Rock Information S y s t e m ) [ i ] which 
i s a F o r t r a n based system with i t s own naming and coding 
conventions. I t has i t s l i b r a r y of programs which process 
any of the f i l e s r e q u i r e d by the user. 
A s i m i l a r example i s a p i l o t p r o j e c t on the storage and 
r e t r i e v a l by the computer o f g ^ o l e v i e s ! in ,!?r>:>"~!a.tion f r o r i co.vf-d 
boreholes i n C e n t r a l S c o t l a n d C i v ] . T h i s system has i t s own 
query language, naming and coding c o n v c n t i c n s [ v ] . 
On the n a t i o n a l l e v e l the i d e a of n a t i o n a l systems was 
i n v e s t i g a t e d by g e o l o g i s t s i n USA and Canada. I f t h i s i s 
f u l f i l l e d i t w i l l spare the p o t e n t i a l l o s s i n time, money and 
achievement r e s u l t i n g from the cosbly masses of data being 
allowed to grow i n u n r e l a t e d and uncoordinated ways. Such 
a n a t i o n a l system has been developed i n CanadaCvi]. The 
system adopts n a t i o n a l conventions. I t s u f f e r s from the 
disadvantage t h a t a programmer or a g e o l o g i s t t r a i n e d i n using 
the system i s needed to phrase the q u e r i e s before they are 
submitted to the s y s t e m C v i i ] , The r e t r i e v a l program uses 
Cobol and Fortran5. A s i m i l a r n a t i o n a l system was developed 
i n the U S A C v i i i ] . 
2 . The Data Base 
The Durham U n i v e r s i t y g e o l o g i c a l data base was to be s e t up 
for a group of minerals known as amphibolesCix]. Amphiboles 
represent a sm a l l f r a c t i o n of the recognised rock-forming 
minerals (Figure 1 ) . They occur commonly in a wide v a r i e t y 
of rock types throughout the world. Amphiboles are u s e f u l 
i n the i n t e r p r e t a t i o n of the mode of formation of t h e i r host 
r o c k s , and hence t h e i r importance f o r g e o l o g i s t s and 
p e t r o l o g i s t s . 
Many problems a r i s e when con s i d e r i n g the analyses and other 
information on amphiboles. This i s due to the absence of a 
unique a t t r i b u t e of any of the m i n e r a l s . 
"Numerous v a r i e t a l najmp.s have bec^n aiven to the amphibcle 
m i n e r a l s , and many names have been introduced to d i s t i n g u i s h 
minerals with minor d i f f e r e n c e s i n chemical rnmnoRj t.i on o~r 
o p t i c a l p r o p e r t i e s . I t i s not s u r p r i s i n g , t h e r e f o r e , t h a t 
the amphibole group has a s u r f e i t ox terminology, much of i t 
adding to the n a t u r a l d i f f i c u l t i e s of i d e n t i f y i n g and naming 
members of a mineral group i n which a wide v a r i e t y of atomic 
s u b s t i t u t i o n s are p o s s i b l e . " [ i x ] 
Figure 2 shows some sample data. I t i s ambiguous, complex 
and l a c k s a n a t u r a l unique a t t r i b u t e . As seen from the 
example, the same name i s given t o s e v e r a l m i n e r a l s , or 
r a t h e r s e v e r a l items. Some of the p r o p e r t i e s have been 
redetermined by other workers and the r e s u l t s of both deter-
minations are to be a v a i l a b l e . Many analyses are publis h e d 
j o i n t l y by more than one author. 
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ROCK FORMING MINERALS 
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GROUP /\ 
6 M E G A B Y T E S r OF DATA 
Fig:! 
1. Mineralname: Hornblende. Found i n Cooma D i s t r i c t , New 
Scuth Wales, A u s t r a l i a . 
A n a l y s i s published by W. J o p l i n i n 19 39. Analysed by 
W. J o p l i n . 
Ref: Geol. Soc. Amer. B u l l . 
Chemical a n a l y s i s : SiCX, 50.8% 
T10 2 0.36% 
A 1 2 0 3 9.42% 
e t c . 
Trace mineral Z n 6000 p a r t s per m i l l i o n 
O p t i c a l p r o p e r t i e s : -C 1.6 42, ft not recorded, V 1.66, 
$ 0.017, 2V«C not recorded,H :Z=22, 
D 3.119 
colour: pale green 
pleochroism: «c c o l o u r l e s s 
^ pale yellow-green 
T p a l e green 
2. Mineralname: Hornblende. Found: not recorded 
Published by Howie & Zussman i n 1955. Analysed by. 
Howie & Deer 
Ref: American Mineral 
Chemical a n a l y s i s : S i 0 2 46.8% e t c . 
[Chemical a n a l y s i s redetermined by Deer i n 19 70. 
Ref: Geol. Soc. Am<~r. B u l l . ] 
3. Mineralname: Tschermakite e t c . 
4. Mineralname: Gedrite e t c . 
5. Mineralname: Tremolite e t c . 
6. Mineralname: Tschermakite Hornblende e t c . 
(This i s a Tschermakite as w e l l as a Hornblende. 
I t i s a s e n s o s t r i c t o Hornblende and a s e n s o l a t o 
T s c h e r m a k i t e [ x ] ) . 
FIGURE 2 
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3. Volume of the Information 
The information on 2 800 amphiboles has been c o l l e c t e d . Each 
of these may contain chemical information, geographical 
information, b i b l i o g r a p h i e s , e t c . I t i s known that at l e a s t 
twice- as much information i s a v a i l a b l e and i t i s conceivable 
t h a t t h i s f i g u r e could be doubled yet again i f more obscure 
l i t e r a t u r e sources could be s c r u t i n i s e d . 
A s s o c i a t e d with each amphibole a n a l y s i s over 120 a t t r i b u t e s 
( p r o p e r t i e s ) have been recognised. The items of information 
r e l a t e d to each property are not simultaneously a v a i l a b l e . 
The frequency of t h e i r a v a i l a b i l i t y v a r i e s considerably 
(Figure 3) . 
4. The Choice of the Primary Key 
As seen from the data s t r u c t u r e (Figure 2) there; i s no n a t u r a l 
primary key. In many cases no s i n g l e a t t r i b u t e or a group c f 
a t t r i b u t e s uniquely i d e n t i f i e s an a n a l y s i s , e.g. mineralname, 
author name, refer e n c e or date do not n e c e s s a r i l y i d e n t i f y a 
unique analysis-. I n many cases they may i d e n t i f y a group of 
analyses f o r which the author used h i s own refer e n c e code to 
d i s t i n g u i s h between the members of the group. I n f a c t the 
whole s e t of data r e l a t e d to a s p e c i f i c a n a l y s i s i s unique. 
An a r t i f i c i a l key has been introduced to the data. T h i s i s 
a s e r i a l number i n d i c a t i n g the order i n which the analyses 
were c o l l e c t e d f o r the data base. I t uniquely i d e n t i f i e s each, 
a n a l y s i s . The user need not know the value of t h i s number 
f o r the a n a l y s i s he r e q u i r e s . He should, i n s t e a d , provide 
the values of some a t t r i b u t e s which together uniquely i d e n t i f y 
6 
TOTAL NUMBER OF ANALYSES = 2 8 0 0 
2 8 0 0 analyses with Chemical information * 
2 3 0 0 ii I I Geographical information 
1 0 0 0 n I I O p t i c a l information 
1 0 0 I I n Colour information 
1 5 0 0 I I I I Reference information 
4 0 0 I I ii Information on P h y s i c a l P r o p e r t i e s 
4 4 0 n I I Pleochroism information 
1 0 8 8 n n Trace Elements 
1 8 1 2 n I I Occurrence information 
8 5 2 I I I I D e s c r i p t i o n of the techniques used i n 
the ai"'.cilyses 
Each chemical a n a l y s i s i s made up of c0» av^r^ge of 10 oxides. 
T o t a l number of d i f f e r e n t oxides recorded to date i s 6 5 . 
Included i n the 2 8 0 0 e n t r i e s are 1 3 0 d u p l i c a t e chemical 
a n a l y s e s . 
FIGURE 3 
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the p i e c e of information he i s seeking. The data base system 
uses the a n a l y s i s number (reference number) to t i e d i f f e r e n t 
p r o p e r t i e s together. 
5. The Formation of R e l a t i o n s 
To f i t the data i n t o r e l a t i o n s the f o l l o w i n g p o i n t s were 
i n v e s t i g a t e d : 
( i ) The n a t u r a l r e l a t i o n s h i p w i t h i n the data items: 
The meanings of data items allow us t o d i v i d e these 
items i n t o r e l a t e d groups, e.g. the data items 
r e l a t e d to geographical p o s i t i o n s form a group 
separate from the names of the o p t i c a l p r o p e r t i e s , 
e t c . 
( i i ) The nature of the a n t i c i p a t e d q u e r i e s : 
The data base was r e q u i r e d to answer qu e r i e s of 
the f o l l o w i n g form: 
(a) L i s t a l l chemical analyses published by 
L a r s e n , E.S. ( a u t h o r ) . 
(b) L i s t a l l Rebeckites (mineral name) with 
F e 2 0 3 = 0 and FeO>0 
or F e 2 0 3 > 0 and FeO=0 
[N.B: FeO=0 means i t has been determined 
and found to be equal to zero. A d i f f e r e n t 
query w i l l be: ( L i s t the analyses i n which 
FeO i s not determined)] 
(c) I s there any a n a l y s i s from Uganda (geographi-
c a l p o s i t i o n ) with Cu0>30% (Chemistry) 
published a f t e r 1960 ( r e f e r e n c e , d a t e ) . 
From which geographical l o c a t i o n s were 
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these samples c o l l e c t e d ? 
(d) L i s t a l l the' G e d r i t e s (mineralname) or 
those minerals i n which Gedrite i s used 
a d j e c t i v e l y (e.g. F e r r o g e d r i t e ) which 
contain 40-45% of S i l i c a (Chemistry). 
(e) What i s the name of the mineral whose 
p r o p e r t i e s are n e a r e s t to the f o l l o w i n g : 
2 V A = 8 6 ° ( O p t i c a l property) 
absorption formula x>y>z (Pleocnroism) 
A l 20 3=20% (Chemistry) 
and has a t r a c e of e i t h e r Z i n c or Cobalt. 
These queries show c l e a r l y t h a t the. user sees each 
a n a l y s i s mainly as a separate e n t i t y and a l l the 
v a r i o u s a t t r i b u t e s (Chemical, O p t i c a l , e t c . ) as 
p r o p e r t i e s l i n k e d w i t h i n t h a t e n t i t y , i . e . he sees 
the data as i s l i s t e d i n F i g u r e 2 and only t o a 
l i m i t e d extent he looks f o r p r o p e r t i e s spanning 
a i l the a n a l y s e s . I n r e l a t i o n a l terms: f o r the 
m a j o r i t y of the cases he sees the data i n terms 
of t u p l e s r a t h e r than i n teir.ss of domains. 
In other words there are two d i f f e r e n t , or r a t h e r 
c o n f l i c t i n g , views of the data. One view v i s u a l i s e s 
the data as groups of an a l y s e s v/hile the other 
v i s u a l i r . e s the data as p r o p e r t i e s . As more views 
of the data may e x i s t i t seems i n e f f i c i e n t to s e t 
up r e l a t i o n s r e p r e s e n t i n g every view of the data. 
The data base r e l a t i o n s would be set up i n accor-
dance with one view and hence when new users request 
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r e l a t i o n s e x p r e s s i n g other views, these r e l a t i o n s • 
w i l l be constructed at a s u b s t a n t i a l c o s t . The 
f r e e storage space a v a i l a b l e f o r the data base may 
be u t i l i s e d to hold some of the l a t t e r r e l a t i o n s to 
avoid the cost of r e c o n s t r u c t i o n . How a r e l a t i o n a l 
data base may handle such a s i t u a t i o n i n an optimum 
fashion i s d e a l t with i n Chapter 2. 
( i i i ) The frequency of a v a i l a b i l i t y of data items: 
The frequency of a v a i l a b i l i t y of a t t r i b u t e v a lues 
v a r i e s c o n s i d e r a b l y . Some a t t r i b u t e s belong to a 
c e r t a i n group but the frequency of the a v a i l a b i l i t y 
of t h e i r v a lues d i f f e r s very much from t h a t of the 
values of the other a t t r i b u t e s i n the group. I f 
the whole group i s considered one r e l a t i o n , many of 
the o b j e c t s of the r e l a t i o n s w i l l have t h e i r v a l u e s 
marked 'not a v a i l a b l e ' . T h i s leads t o a large 
percentage of 'holes' i n the r e l a t i o n . To minimize 
the number of such 'holes' those a t t r i b u t e s whose 
val u e s are simultaneously a v a i l a b l e w i l l be grouped 
together t o form a r e l a t i o n . 
Having looked a t ( i ) , ( i i ) and ( i i i ) l e t us consider the 
f o l l o w i n g two extremes: 
- One r e l a t i o n can be formed with a l l the a t t r i b u t e s as 
domains (e.g. 120 domains f o r the data under c o n s i d e r a t i o n ) . 
The absent v a l u e s of the a t t r i b u t e s are to be marked 'not 
a v a i l a b l e ' . T h i s w i l l r e q u i r e e x c e s s i v e storage and access 
time. Figure 4(b) i l l u s t r a t e s t h i s type of approach. The 
informatiori i n the example i s u s u a l l y p u b l i s h e d i n t h i s form. 
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P h y s i c s 
Ref.# Property Value 
1 Hardness 16 
1 S.G. 3.05 
1 T e n s i l e strength 12 
2 Hardness 14 
2 S.G. 3.2 
3 S.G. 3.8 
(a) 
P h y s i c s 
Ref. it Hardness S.G. Tgnui l e - s t r e n g t h 
1 16 3.05 12 
2 14 3.2 NA 
3 NA 3.8 tiA 
(b) 
Hardness S.G. T e n s i l e - s t r e n g t h 
Ref.# Value Ref.* Value Ref.# Value 
1 16 1 3.05 1 12 




P o s s i b l e Formations of R e l a t i o n P h y s i c s 
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- A large number of sma l l r e l a t i o n s v/ith reduced redundancy 
can be formed as i n Figure 4 ( c ) . These r e l a t i o n s answer 
some q u e r i e s very r a p i d l y (e.g. L i s t the minerals whose 
S.G.>3.2). For some other r e l a t i o n s the reduced redundancy 
form i s achieved by having r e l a t i o n s i n the t h i r d normal 
form. I n t h a t case time consuming j o i n s are necessary 
f o r some q u e r i e s . 
Somewhere between these two extremes l i e s an optimum design of 
the r e l a t i o n s . The major f a c t o r s t o be noted at t h i s p oint 
are: 
( i ) how much cpu time can be traded o f f f o r disk space, 
i . e . how f a r can redundancy be t o l e r a t e d . 
( i i ) the p o s s i b l e changes i n p a t t e r n and frequency of the 
qu e r i e s r e q u i r i n g that p a r t i c u l a r data. I t i s 
noteworthy t h a t i n the example o i Figure 4 i t i s 
often not p o s s i b l e to transform one form to another 
by means of r e l a t i o n a l operators. Some operators 
should be defined to perform the transformation. 
This, shows the need for e x t e n s i b l e query languages. 
I t i s expected t h a t forms 4(a) and 4(c) w i l l be r e q u i r e d by 
the m a j o r i t y of the q u e r i e s and because i t i s e a s i e r to obtain 
(c) from ( a ) , (a) was chosen. 
The g e o l o g i c a l data was converted i n t o r e l a t i o n s as f o l l o w s : 
Chemistry (Ref#,Oxide Q u a n t i t y ) 
Miner a."I name (Ref# ,Mineralname) 
Geography (Ref#,Country,Province,Locality) 
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s i z e per tuple 
i n bytes (with-
out overhead) 
1 Re fere nee 3350 a \s 148 
2 ANALYSIS 1520 2 16 
3 Mineralname 2444 2 52 
4 Geography 2208 5 76 
5 Occurrence 1812 4 76 
6 Optics 1180 15 98 
7 Pleochroisiii 440 5 67 
8 Chemistry 29076 3 14 
9 Trace 1888 3 9 
10 Phy s i c s 518 3 14 
11 Technique 852 3 35 
12 S t r u c t u r e 102 4 4 17 
13 Colour 77 2 22 
14 Redetermination 213 2 4 
15 Coexistence 50 2 4 
16 Symmetry 95 2 16 
FIGURE 5 
S p e c i f i c D e s c r i p t i o n of the R e l a t i o n s 
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R e l a t i o n name: Chemistry 
no. of t u p l e s = 32000 
no. of domains = 3 
Domain Name Type "Average" S i z e Value D i s t r i b u t i o n 
Ref# I n t e g e r 2 bytes 2500 values ranging between 
1-2500 each v a l u e , o c c u r r i n g 
at an average of 12 times 
OXIDE Character 8 bytes 65 values ranging from A-Z. 
The frequency of occurrence 
of values v a r i e s consider-
ably, i . e . between 0 to 2 400 
QUANTITY FLOAT 4 bytes about .'.;C00C values ranging 
between 0.0-100.0. Values 
g e n e r a l l y occur once 
Queries: 
The q u e r i e s which were answered using the above r e l a t i o n 
were as f o l l o w s : 
. Given Oxide and Ref#, r e t r i e v e q u antity 23% 
. Given Ref#, r e t r i e v e a n a l y s i s 59% 
(To be j o i n e d on e q u a l i t y of Ref# with 
another r e l a t i o n ) 
. Given Oxide arid a Quantity l i m i t , 
r e t r i e v e the t u p l e s 18% 
FIGURE 6 




(Ref# , Alpha, Bet a, Gamma, 
(Re f ff,Formula,X,Y,Z) 
-.) 




Trace (Re f»,Elemeni,Value) 
(Refit yAuthor name,Analyst name,Date 
The primary key i s underlined 
[For d e t a i l s of the s i z e of r e l a t i o n s , see Figure 5] 
In the above r e l a t i o n s none of the domains has e l e m e n t s ( o b j e c t s ) 
which are themselves t u p l e s ( s e t s ) . T h i s ensures t h a t a l l the 
r e l a t i o n s are of the f i r s t normal form [Codd August 19 71, Codd 
November 19 71]. Updates ( d e l e t i o n s , insertion?-, and change of 
value) are convenient because the domains of the r e l a t i o n s are 
chosen such t h a t any n a t u r a l piece of information f i t s i n one 
r e l a t i o n and so i n most of the c a s e : each d e l e t i o n arid change 
i n value a f f e c t s only one t u p l e . 
Repeated groups were not e l i m i n a t e d i n a] J the cases,, e.g. i n 
r e l a t i o n Reference i n Figure 7 ( i ) when a r e f e r e n c e has more than 
one author we have a t u p l e f o r each author, i . e . the j o u r n a l 
name i s repeated with each author's name, which leads to the 
obvious redundancy. The other a l t e r n a t i v e i s to have two 
normalised r e l a t i o n s as i n Figure 7 ( i i ) and 7 ( i i i ) . However, 
no r m a l i s a t i o n has the f o l l o w i n g disadvantages: 
( i ) an e x t r a r e l a t i o n i s needed to get r i d of each 
rep e a t i n g group. I f i n Figure ''(i) the q u e r i e s 
were to r e q u i r e a search on ANALYSER (e.g. r e t r i e v e 
the t u p l e s where ANALYSER=DEER), then the o r i g i n a l 
r e l a t i o n would have been normalised, g i v i n g the 
three r e l a t i o n s ( i i ) , ( i v ) and ( v ) . T h i s means 
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t h a t the data base system has to cope with a l a r g e r 
number of r e l a t i o n s even i f they are not r e q u i r e d 
i n d i v i d u a l l y by the u s e r s . Accessing a l a r g e r 
number of r e l a t i o n s makes the q u e r i e s more complex. 
( i i ) the considerable number of j o i n operations when the 
o r i g i n a l r e l a t i o n i s needed, i . e . e l i m i n a t i n g repe-
t i t i o n s avoids redundancy at the expense of cpu 
time due to j o i n s . T his i s p a r t i c u l a r l y i n e f f i c i e n t 
when there a r r no s t a t i s t i c s a v a i l a b l e showing the 
p r o b a b i l i t y of a j o i n being r e q u i r e d . 
( i i i ) the data departs from the n a t u r a l form i n which 
i t o r i g i n a l l y occurs and the user finob i t a.'ffj.cu.lt 
uO v i s u a l i s e m u l t i v a l u e d a t t r i b u t e s , u n l e s s noriricili. 
s a t i o n i s only used f o r storage and update purposes 
and. i s t r a n s p a r e n t l.o the user. 
There was no need t o e l i m i n a t e t r a n s i t i v e dependencies because 
they do not e x i s t among the a t t r i b u t e s of the data. 
6. Data Capture, P r e p a r a t i o n and V a l i d a t i o n 
When the data was c o l l e c t e d the mineralnames were preserved and 
no coding was performed. T h i s i s more convenient f o r the u s e r . 
However, the r e l a t i o n Mineralname maps a mineralname i n t o the 
corresponding r e f e r e n c e number, i . e . coding of mineralname i s 
i n t e r n a l to the data base and i s t r a n s p a r e n t t o the u s e r . 
The remaining p a r t of t h i s s e c t i o n i s d i s c u s s e d i n f u r t h e r 
d e t a i l i n [ x ] . 
•I * -J.0 
REFERENCE 
Ref# AUTHOR ANALYSER 
1 HOWIE DEER 
1 ZUSSMAN DEER 
2 JOPLIN JOPLIN 
3 EVANS HOWIE & DEER 
4 LASNIER 1NA' 
A FORESTIER 'NA' 
5 CARMICHAEL CHAPERLIN 
( i ) 
DATE JOURNAL e t c . 
1955 American Mineral 
19 55 American Mineral 
1939 Geol. Soc. Amer. D u l l . 
1968 Amer. J . NSCI 
1969 Contr. Mineral & P e t r o l 
1969 Contr. Mineral & P e t r o l 
1970 J . Petrology 
AUTHOR i REFERENCE 
Ref# AUTHOR Ref# ANALYSER DATE JOURNAL e t c . 
HOWIE 1 i n c c J _ j ~t *j Amen can Minerai 
1 ZUSSMAN 2 JOPLIN 1939 Geo1.Soc.Amer.Bui 
2 JOPLIN HOWIE & DEER 19 6 8 Amer. J . NSCI 
3 EVANS 4 'NA1 1969 Contr. Min. & Pet 
4 T.ASNTER 5 CKA'PERLTN 1970 .T "Da+- >"r>1 ^ "^w 
4 FORESTIER 
5 CARMICHAEL ( i i i ) 
( i i ) 
ANALYSER REFERENCE 
f# NAME Ref# DATE JOURNAL e t c . 
1 DEER 1 1955 American Mineral 
2 JOPLIN 2 1939 Geol. Soc. Amer. B u l l . 
3 HOWIE 3 1968 Amer. J . NSCI 
3 DEER 4 1969 Contr. Mineral & P e t r o l 
5 CHAPERLIN 5 1970 J . Petrology 
( i v ) (v) 
FIGURE 7 
Number of R e l a t i o n s 16 
S i z e of Data Base 6 x 10 bytes 
Type of Access S i n g l e User (Batch) 
pseudo-terminal (Batch) 
2 741 t e r m i n a l 
Number of Queries 25 Queries/week 
(while i n e x i s t e n c e ) 
T o t a l number = 500 
System Configuration 3GO/44 
280K Core 
3-2314 Disk 
2 Magnetic Tapes (Backups) 
FIGURE 8 
The G e o l o g i c a l Data Base System 
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7. The IS/1.0 G e o l o g i c a l Data Base System 
The g e o l o g i c a l data base has been implemented using the IS/1.0 
system (Figure 8 ) . The IS/1.0 system i s a general purpose 
information system based on r e l a t i o n a l a lgebra. A b r i e f 
d e s c r i p t i o n of the IS/1.0 system and language i s i n Appendix 2. 
In t h i s s e c t i o n I w i l l d i s c u s s the a c t u a l queries t h a t were 
submitted to the g e o l o g i c a l data basi-; because they vary from 
the a n t i c i p a t e d q u e r i e s . The d i s c u s s i o n i s independent of 
the query language and i s based on the operations t h a t the 
r e l a t i o n a l system c a r r i e s out. These operations may not be 
tr a n s p a r e n t to the us e r . Before d i s c u s s i n g the q u e r i e s , 
however, I w i l l s i t e an example of a user extension f o r the 
1S/1.0 language to handle a p a r t i c u l a r type of query. 
7.1 y s e r _ e x t e n s i o n s 
I n IS/1.0 user extensions are normal PL/1 r o u t i n e c v:hich c r c 
i n t e r f a c e d with the system v i a system macros. As an example, 
consider a u s e r - w r i t t e n TABULATE fu n c t i o n . 
TABULATE operates on n r e l a t i o n s of degrees d,,d_,...,d_ and 
J. /. n 
a given ccmain common to a l l n r e l a t i o n s to produce a new 
r e l a t i o n of degree d^+d 2 + .. .+dn*-(n-1) , i . e . i t forms a r e l a -
t i o n having the domains of the input r e l a t i o n s without repeating 
the common domain. A l l the occurrences of the common domain 
are included. When one of the input r e l a t i o n s does not con-
t a i n a c e r t a i n occurrence of the common domain, n u l l o b j e c t s , 
represented by bl a n k s , are i n s e r t e d i n the t u p l e . 
In Figure 9 an example of the operation of the TABULATE routine 
i s shown. The rou t i n e takes as input the names of the three 
COLOUR OPTICS 
REF* COLOUR REF# ,jl 3 
1 BROWN 1 20 100 60 
3 GREEN 3 80 70 29 
2 STRAW 4 50 59 72 
CHEMISTRY 
REFi? OXIDE QUANTITY 
3 SI02 40 
2 FEO 5 
4 SI02 42 
4 2 O3 S 
4 FEO 2 
TABULATE(COLOUR,OPTICS,CHEMISTRY) ON (RFF#); 
LIST; 
y i e l d s : 
REF/' COLOUR /3 OXIDE QUANTITY 
1 BROWN 20 100 60 
3 GREEN 80 70 29 SI02 40 
2 STRAW FEO 2 
4 50 59 72 SI02 42 
4 50 59 72 AL203 8 
4 50 59 72 FEO 2 
FIGURE 9 
Example of a User Extension 
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r e l a t i o n s to be t a b u l a t e d , i . e . COLOUR, OPTICS and CHEMISTRY, 
and the common domain REF#. The r e s u l t of the t a b u l a t i o n may 
be s t o r e d back i n the data base under a new name. 
Though space and time consuming, TABULATE has been a u s e f u l 
f u n c t i o n f o r the g e o l o g i c a l a p p l i c a t i o n . 
7.2 Queries 
The q u e r i e s submitted to the data base are grouped i n t o f i v e 
major types. Examples of these types and t h e i r frequency 
of d i s t r i b u t i o n are shown i n Figure 10. These types are 
i n f l u e n c e d by the choice of the underlying r e l a t i o n s , e.g. 
some q u e r i e s of types 2 and 3 would have belonged to type 4 
i f the j.elaLion Reference [ F i g u r e 7j had been i n the t h i r d 
normal fern:, because tv/o separate s e l e c t i o n s followed by a 
j o i n would have been necessary. 
The q u e r i e s may be c l a s s i f i e d according to the complexity of 
the s t r \ i c t u r e of the query as f o l l o w s : 
Simple queries:' These are the q u e r i e s which i n t e r r o g a t e only 
one r e l a t i o n at a time. These are made up of types 1,2 and 
3 i n Figure 10. They c o n s t i t u t e 37% of a l l the q u e r i e s on 
the g e o l o g i c a l data base. Indeed a d i f f e r e n t design of 
r e l a t i o n s would have l e d to the v a r i a t i o n of the frequency of 
such q u e r i e s . As redundancy i n c r e a s e s , queries tend to 
become simple:: and v i c e v e r s a . 
Moderate q u e r i e s : These q u e r i e s i n t e r r o g a t e tv/o r e l a t i o n s or 
more at the same time. They c o n s t i t u t e q u e r i e s of type 4 i n 
Figure 10, which account f o r 5 8% of a l l the q u e r i e s . I f , 
however, more redundancy i s allowed i n the data base, then 
O 1 
t- J L 
Type Queries Frequency 
] . From a given r e l a t i o n r e t r i e v e those t u p l e s 
for which the value of one domain i s given. 
e.g. Has the element niobium (Nb) ever been 
recorded i n an amphibole 
i . e . From r e l a t i o n TRACE r e t r i e v e t u p l e s f o r 
which ELEMENT[domain(2)]~NB 
20% 
2 From a given r e l a t i o n r e t r i e v e those t u p l e s 
which, have a given value of one domain and a 
given value of another domain. 
e.g. L i s t the analyses published by AKOI i n 
1970 
i . e . From r e l a t i o n REFERENCE r e t r i e v e t u p l e s 
for which AUTH0R=AK01 & DATE=19 70 
10% 
3 As (2) but d i s j u n c t i o n r e p l a c e s conjunction 7% 
4 R e t r i e v e c e r t a i n tuples of a r e l a t i o n and 
j o i n these t o c e r t a i n t u p l e s of another 
r e l a t i o n . 
e.g. Obtain the o p t i c a l p r o p e r t i e s and the 
chemical p r o p e r t i e s f o r each a n a l y s i s 
of the mineral TREMOLITE 
From r e l a t i o n MINERALNAME r e t r i e v e the 
t u p l e s f o r which NAME=TREMOLITE 
Form a p r o j e c t i o n on REF#[domain 1] and 
a s s i g n the r e s u l t i n g r e l a t i o n to 
r e l a t i o n R 
J o i n R with CHEMISTRY on the e q u a l i t y 
of REF# and a s s i g n the r e s u l t i n g 
r e l a t i o n t o S 
J o i n S with OPTICS on the e q u a l i t y of 
REF# 
*58% 
5 From a given r e l a t i o n r e t r i e v e the t u p l e s 
for which a domain has one of s u c c e s s i v e 
values. Given one value and an increment, 
i . e . a s e l e c t i o n process f o r which the 
value to be s e l e c t e d changes dynamically 
e.g. a. YEAR=1960 
b. S e l e c t a n alyses published i n 
r)ATE=YEAR 
c. Perform operations as i n q u e r i e s 
types 1,2,3 or 4 
d. I f Year=19 74 then STOP 
e. Year=Year+l. goto b. 
4% 
UPDATES No. of updates per 500 q u e r i e s = 23, i . e . about 5%: 3% i n s e r t i o n s , 1% d e l e t i o n s and 1% changes i n value 
16% q u e r i e s with a s i n g l e j o i n , 28% with two j o i n s , and 
14% with more than two j o i n s 
FIGURE 10 
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most of the r e s u l t i n g j o i n operations w i l l be avoided. 
T h i s would have l e d to the diminishing of qu e r i e s of t h i s 
c l a s s and the i n c r e a s e i n the number of simple q u e r i e s . 
Complex q u e r i e s : T h i s c l a s s of q u e r i e s Involve loops arid 
c o n t r o l v a r i a b l e s . The programmer f i n d s i t d i f f i c u l t to 
t r a c k the stages of such q u e r i e s i f the data base query 
lancruage l a c k s b u i l t - i n counts and loop f a c i l i t i e s . Queries 
belonging to t h i s c l a s s are time consuming although they 
account f o r only 4% of a l l q u e r i e s . 
The q u e r i e s of types 4 and 5 take l e s s cpu time i f the o b j e c t s 
of the requested domains are ordered according to t h e i r v a l u e . 
This demonstrates the need f o r the c o n s i d e r a t i o n of s o r t i n g 
i n rclatic. r:b". The fortii'vj should not n e c e s s a r i l y be itc.cleu 
to the s e t p r i m i t i v e s l i k e union, i n t e r s e c t i o n e t c . , but the 
/"•»f""N>-» Q 4 - f s * ^ «3 -»~ 4 y» r~* 4 - V» / - \ A ! /-N >T * i ^ V \ 4 - c "f~ r* r> 4- r-* *~« " V ^ *i >-» /-»• 4- r> 4- V» r > n >~ 
value must be accepted as a p r a c t i c a l n e c e s s i t y f o r e f f i c i e n t 
app1i c a t i on s. 
S o r t i n g i s important i n the f o l l o w i n g c a s e s : 
(1) I n removing d u p l i c a t e s (Purging) 
Consider the query: I n r e l a t i o n Chemistry, how many 
d i f f e r e n t oxides were analysed? i . e . t o f i n d the 
number of d i f f e r e n t o b j e c t v a l u e s . i n a domain. 
I f the operators of the r e l a t i o n a l data base perform 
according to t h e i r standard mathematical d e f i n i t i o n , 
then the r e s u l t given by any r e l a t i o n a l operator i s 
a s e t ( i . e . without d u p l i c a t e s ) . Thus, t h i s query 
may be answered as f o l l o w s : 
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Form a p r o j e c t i o n of r e l a t i o n Chemistry on 
domain OxJ.de. Assign the r e s u l t to a one . 
domain r e l a t i o n R. 
The c a r d i n a l i t y of R i s the answer to the query. 
However, i f the r e l a t i o n a l operators are not standard, 
e.g. I S / l C N o t e l y 1972] where the d u p l i c a t e s are not 
removed by the p r o j e c t i o n , then the answer i s obtained 
by f i r s t performing the d i f f e r e n c e of n u l l and R and 
then f i n d i n g the c a r d i n a l i t y of the r e s u l t i n g r e l a t i o n . 
To remove the d u p l i c a t e s i n the p r o j e c t i o n or to obtain 
the d i f f e r e n c e r e q u i r e s ^(n+D-n o b j e c t comparisons 
where m i s the c a r d i n a l i t y of R and n i s the number of 
the d i f f e r e n t v a l u e s i n the domain [see Appendix 3 ] . 
I f re3..Ttinn P ^ sorted.- only m comparison;; a r c r e q u i r e d . 
I t pays to s o r t R whenever such a query comes up i f 
(n > ?.771og 0m) [ f o r proof cce Appendix 3 ] , 7h:* i s 
tr\Je i n the case of the above example (n = 65, m i s j u s t 
under 32000). 
To answer the query: How many authors have published 
works on amphiboles, i t a l s o pays o f f to s o r t domain 
Author of r e l a t i o n Reference ( f o r domain Author n=1317 
and m=3350). 
(2) I n J o i n s : 
Almost a l l the j o i n s involved i n q u e r i e s of type 4 are 
j o i n s on the e q u a l i t y of the primary key (Ref * ) . I f a l l 
the r e l a t i o n s are stored s o r t e d on the primary key, t h i s 
w i l l reduce the number of o b j e c t comparisons from (m^ x m 2) 
to (mn + m_) or l e s s ; where and m„ are the c a r d i n a l i t i e s 
2'i 
of the r e l a t i o n s t o be j o i n e d . 
The overhead due to s o r t i n g i s t o l e r a b l e because s o r t i n g 
i s done only once f o r each r e l a t i o n . The overhead due 
to merging i s t o l e r a b l e i f the proportion of the updates 
i s small compared to the number of qu e r i e s ( r e t r i e v a l s ) 
as i n the case of the g e o l o g i c a l data base. 
Reducing the j o i n time i s e s s e n t i a l because j o i n i s an 
operation c h a r a c t e r i s i n g the r e l a t i o n a l model and because 
having read the l i t e r a t u r e on the r e l a t i o n a l model the 
u s e r w i l l f i n d i t tempting to st o r e h i s r e l a t i o n s i n the 
t h i r d normal form and have them j o i n e d whenever necessary. 
The reduction of the j o i n time has been xne concern c f 
r e l a t i o n a l data base impleman•horn bennunc .it hns proved 
to be a performance problem i n the implementation of at 
l e a s t one c u r r e n t r e l a t i o n a l data h?.se[Todd 
(3) S o r t i n g i s a l s o e s s e n t i a l f o r the e f f i c i e n t performance 
of some u s e r - w r i t t e n f u n c t i o n s and a p p l i c a t i o n programs 
such as the p r e v i o u s l y described f u n c t i o n : TABULATE. 
8. F i n a l Remark 
Some of the c h a r a c t e r i s t i c s of the g e o l o g i c a l data base may 
be s i m i l a r t o those data bases e s t a b l i s h e d f o r r e s e a r c h and 
s c i e n t i f i c information. 
One i n t e r e s t i n g r e s u l t , however, i s shown i n F i g u r e 11. The 
number of published analyses i s e x p o n e n t i a l l y i n c r e a s i n g with 
time apart from two kinks marking the f i r s t and the second 
world v/ars. T h i s demonstrates the f o l l o w i n g : 
( i ) the n e c e s s i t y f o r harnessing the computer i n p r o c e s s i n g 
the e v e r - i n c r e a s i n g volumes of information. 
(i.i.) the importance of the j u d i c i o u s choice of designs f o r 
f i l e s so t h a t they are robust enough to cope with the 
huge number of a d d i t i o n s . 
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Fig 11 Number of Amphibole published analyses 
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ON DEFINED RELATIONS 
1 INTRODUCTION 
Some r e l a t i o n a l data base systems such as I S / 1 [Notely 
1972] and SEQUEL [Boyce & Chamberlin 1973] allow the user to 
c-reate h i s own ^relations as subsets of the main data. With 
such a f a c i l i t y the user may impose h i s own view of the data 
•in the c o l l e c t i o n . I f a l a r g e number of r e l a t i o n s are 
c r e a t e d , d i s k "storage space p3:oblems and other maintenance 
a-i-fi-icultios can a r i s e . 
The concept of defined (derived or implied) r e l a t i o n s i n 
i i l LxOduCed dS d ritui'ajc illcUlctyeiuciil l T l e a S U x c . i j c T i i i c l i X e l a L x C u i s 
<are Subsets of the data t h a t are not assembled p h y s i c a l l y 
u n t i l they are requested by a query. The user submits to 
the system a d e f i n i t i o n of these r e l a t i o n s expressed i n terms 
of data base r e l a t i o n s using r e l a t i o n a l operators. 
e.g. A user who i s i n t e r e s t e d i n the minerals c o n t a i n i n g 
A l - 2 0 3 may i s s u e the f o l l o w i n g IS/1.0 i n s t r u c t i o n : 
DEFINE(MINERALS_WITH_AL203); 
•LOAD 'CHEMISTRY) ; 
SELECT(0XIDE=AL203); 
END:; 
["In "the "foTl'owing d i s c u s s i o n t h i s d e f i n i t i o n i s expressed as 
Itefone Min"r;r"ols_wrth_A1203=Chemistry: Oxide=A1203; ] 
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The system decodes the d e f i n i t i o n and s t o r e s i t i n a r e t r i e v -
able form. The defined r e l a t i o n w i l l then be a v a i l a b l e to 
the user a t the same l o g i c a l l e v e l as the other data base 
r e l a t i o n s . As f a r as the system i s concerned, the defined 
r e l a t i o n remains a s t o r e d d e f i n i t i o n ( i . e . i m p l i c i t ) u n t i l i t 
i s requested by a query. The i m p l i c i t form takes n e g l i g i b l e 
disk space. 
When the defined r e l a t i o n i n i t s i m p l i c i t form i s r e f e r e n c e d 
by a query, e.g. 
LOAD(MINERALS_WITH_AL203) ; 
SELECT(QUANTITY>8) ; 
LI S T ; 
i t i s then c r e a t e d , i . e . made e x p l i c i t , by c a r r y i n g out on 
the s t o r e d data the operations i n d i c a t e d i n the d e f i n i t i o n , 
e.g. t o cr e a t e the r e l a t i o n .MTNPRALS_WITH__AL203 the t u p l e s 
of r e l a t i o n Chemistry are accessed and those matching the 
s e l e c t i o n c r i t e r i o n are w r i t t e n back to d i s k as t u p l e s of 
the r e l a t i o n MINERALS_WITH_AL203. 
The e x p l i c i t form s t a y s i n the data base and the r e l a t i o n 
w i l l not be r e c r e a t e d i f i t i s requested by another query. 
The p r o c e s s i n g c o s t to create the r e l a t i o n may be very high. 
I t i s a fu n c t i o n of the use made by the v a r i o u s p a r t s of the 
computer system. T h i s cost mainly r e p r e s e n t s the cpu time 
and the i / o time spent i n pro c e s s i n g the d e f i n i t i o n and 
assembling the r e l a t i o n . The cost v a r i e s with the complex!t 
of the d e f i n i t i o n and the s i z e of the r e l a t i o n s i n v o l v e d i n 
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the d e f i n i t i o n . The e x p l i c i t form may take a s u b s t a n t i a l 
amount of d i s k space. However, i f the i m p l i e d r e l a t i o n i n 
i t s e x p l i c i t form i s requested by a query, no a d d i t i o n a l 
cost i s i n c u r r e d . 
At some stage i n the process of c r e a t i n g and querying 
r e l a t i o n s the a v a i l a b l e data base space may be consumed. 
One or more e x p l i c i t r e l a t i o n s w i l l then have to be made 
i m p l i c i t i n order to f r e e space f o r other requested r e l a t i o n s . 
A replacement algorithm i s needed to decide which r e l a t i o n 
i s to be made i m p l i c i t . T h i s i s d i s c u s s e d i n d e t a i l i n 
chapter 3 and i s followed by the j u s t i f i c a t i o n of defined 
r e l a t i o n s on a cost b a s i s i n Chapter 4. 
The d e f i n i t i o n of the defined r e l a t i o n m^y contain u s e r -
w r i t t e n f u n c t i o n s or a p p l i c a t i o n programs. 
THE POTENTIAL ADVANTAGES OF DEFINED RELATIONS 
(1) V i r t u a l s t orage: 
The user i s f r e e d from worrying about the c o n s t r a i n t s 
of disk storage space. He d e f i n e s as many r e l a t i o n s 
as he may want and as f a r as he i s concerned there i s 
an i n f i n i t e ' v i r t u a l ' d i s k storage space. 
(2) Improvement of the response time: 
These defined r e l a t i o n s are very u s e f u l i n providing 
the answers f o r r e c u r r i n g q u e r i e s (e,g. the above 
impli e d r e l a t i o n MINERALS_WITH_AL203 answers the 
query: which minerals contain A1203). 
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Some user s may have narrow needs such t h a t t h e i r 
requirements can be more e f f i c i e n t l y s a t i s f i e d by a 
se t of p r e - s t r u c t u r e d q u e r i e s i n the form of impli e d 
r e l a t i o n s . 
I n both of these a s p e c t s , reprogramming and compila-
t i o n times f o r que r i e s are saved. In a d d i t i o n , f o r 
some q u e r i e s the time to r e c r e a t e the r e l a t i o n 
answering the query i s a l s o saved. The response 
time w i l l thus be improved. 
S e l f - o p t i m i z a t i o n of data s t r u c t u r e s : 
Consider the fo l l o w i n g 4 - r e l a t i o n data base: 
R e l a t i o n C i t i z e n s (Name , Address ,Status ,- Income f.No„ of 
Dependants) ; 
Define T e n a n t s = C i t i z e n s : C i t i z e n s ( s t a t u s ) = T e n a n t ; 
Define L a n d l o r d s = C i t i s e n s : C i t i z e n s ( s t a t u s ) =Landlord= = 
Define O t h e r s = C i t i z e n s : C i t i z e n s ( s t a t u s ) = O t h e r s ; 
The r e l a t i o n C i t i z e n s i s permanently st o r e d (base 
r e l a t i o n ) v/hile the three other defined r e l a t i o n s , 
Tenants, Landlords and Others, w i l l be p h y s i c a l l y 
m a t e r i a l i s e d when requested. 
A l t e r n a t i v e l y , the r e l a t i o n s Tenants, Landlords and 
Others may be stored permanently ( i . e . made base 
r e l a t i o n s ) and the r e l a t i o n C i t i z e n s defined as follows 
Define C i t i z e n s - T e n a n t s ULandlords UOthers 
By monitoring the usage of these four r e l a t i o n s the data 
base system i s able t o determine the best s t r a t e g y under 
giv e n ' c o n d i t i o n s . 
This f a c i l i t y gives the data base system a choice between 
the a l t e r n a t i v e methods of s t o r i n g the same data v/hich 
enables the system t o s e l f - o p t i m i z e i t s data s t r u c t u r e s . 
T n i s i s d i s c u s s e d i n d e t a i l i n chapter 5. 
(4) Indexes f o r domains of r e l a t i o n s may be delined as 
implied r e l a t i o n s . T h i s improves the response time 
and may lead to the optimization of data s t r u c t u r e s . 
This i s a l s o d i s c u s s e d i n d e t a i l i n chapter 6. 
(5) In batch data base systems the system can ioc-K '^''d 
reorder the queue of requests to take care of the 
f o l l o w i n g : 
( i ) cut down the p r o c e s s i n g time by making a 
r e l a t i o n e x p l i c i t and grouping t o g e t h e r . a l l 
requests t h a t use t h i s r e l a t i o n . 
( i i ) define some r e l a t i o n s to c a t e r f o r repeated 
q u e r i e s . 
The main disadvantage of defined r e l a t i o n s i s t h a t they delude 
the user by g i v i n g him d i f f e r e n t estimates of the computer time 
r e q u i r e d to answer h i s query. As r e l a t i o n s switch between 
being e x p l i c i t and i m p l i c i t the processing time of the query 
w i l l be g r e a t l y i n f l u e n c e d by the s t a t e of the defined r e l a t i o n s . 
However, the s e r i o u s n e s s of t h i s disadvantage may be o f f s e t by 
providing the us e r with a maximum estimate of the computer 
time r e q u i r e d to answer h i s query. 
3 THE MANAGEMENT OF DEFINED RELATIONS 
In a data base with a defined r e l a t i o n s c a p a b i l i t y , some of 
the system operators have to be adapted to take care of the 
h i e r a r c h i c a l s t r u c t u r e and the dependencies t h a t e x i s t 
betv;een the r e l a t i o n s * Some p o s s i b l e a p p l i c a t i o n of defined 
r e l a t i o n s l e a d to l o g i c a l problems which cannot be ignored 
[Notley 1972]. I n the fo l l o w i n g d i s c u s s i o n , recommendations 
and algorithms are suggested to take care of the f o l l o w i n g : 
(1) the update problem 
(2) the d e l e t i o n of r e l a t i o n s from L•"•<.- system 
(3) the d e f i n i t i o n of r e l a t i o n s : 
( i ) c i r c u l a r d e f i n i t i o n s 
( i i ) r e d e f i n i t i o n of r e l a t i o n s 
( i i i ) assignment of defined r e l a t i o n s to 
r e l a t i o n s 
A l l these recommendations and algorithms are the independent 
c o n t r i b u t i o n of the author. 
In line examples the normal s e t notation (H for i n t e r s e c t i o n , 
U f o r union e t c . ) i s used f o r r e l a t i o n s . 
3.0 OBJECTIVES 
In the f o l l o w i n g algorithms we are not concerned with search 
algorithms which get a t t u p l e s and c a r r y out the a c t u a l 
operations. We a r e , however, concerned with the algorithms 
t h a t deal with the l o g i c a l p a r t of the problem and hence pave 
the way f o r other algorithms to care f o r the p a r t i c u l a r d e t a i l s 





Y and X are base r e l a t i o n s 
Y l i s defined on Y 
XI i s defined on X and Y 
Figure 2.1 
In f i g u r e 2.1 a h i e r a r c h y of defined r e l a t i o n s i s shown. In 
such a h i e r a r c h y the user may not be aware of the r e l a t i o n s h i p s 
and the dependencies t h a t e x i s t among the data base r e l a t i o n s . 
I t i s t h e r e f o r e advantageous to provide the f a c i l i t i e s by meaiis 
of which the user can pp.rform a l l the operations on a defined 
r e l a t i o n without r e s t r i c t i o n s . I d e a l l y , the user should t r e a t 
the defined r e l a t i o n s i n e x a c t l y the same way as any other base 
r e l a t i o n s . The r e s t r i c t i o n s force the user to be aware of 
the dependencies between r e l a t i o n s . That i s , the 
system should possess a higher degree of data independence. 
I t i s t h e r e f o r e d e s i r a b l e to have the user a c t i v i t i e s ( q u e r i e s , 
a p p l i c a t i o n programs, updates e t c . ) independent from the l o g i c a l 
r e p r e s e n t a t i o n , the access path and the l e v e l i n the h i e r a r c h y 
of the data. The user need not know whether a r e l a t i o n i s a 
base or a defined r e l a t i o n , i s i m p l i c i t or e x p l i c i t , nor w i l l 
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he need to know whether i t i s an e x i s t i n g r e l a t i o n or a mere 
c o l l e c t i o n of p o i n t e r s to some other .i-elations. 
However, g i v i n g a l l t h i s freedom to the user i s n i c e as long 
as the consistency of the d e f i n i t i o n s and the defined r e l a t i o n s 
i s preserved, Hence, the o b j e c t i v e s of the f o l l o w i n g algo-
rithms ar e : 
( i ) to give the user the maximum freedom 
(a high degree of data independence). 
( i i ) to preserve the c o n s i s t e n c y of the 
information i n the data base. 
3.1 UPDATES 
Updates can be d i v i d e d i n t o : 
(a) i n s e r t i o n s 
(b) d e l e t i o n s 
(c) changes in o b j e c t values 
The changes i n o b j e c t values are conceptually taken as 
d e l e t i o n s followed by i n s e r t i o n s . 
An i n s e r t i o n i s seen as a union of the t u p l e s to be i n s e r t e d 
( i . e . the updating r e l a t i o n ) , and the r e l a t i o n to be updated. 
A d e l e t i o n i s l o g i c a l l y seen as the d i f f e r e n c e of the r e l a t i o n 
t o be updated and the updating r e l a t i o n . 
The Update algorithms 
L e t us d i v i d e the updates i n t o two: 
(1) update at higher l e v e l s 
(2) update at lov/er l e v e l s . 
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R e f e r r i n g to f i g u r e 2.1, updating X or Y i s an update a t a 
higher l e v e l with r e s p e c t to X I , X2 and Y l , XI r e s p e c t i v e l y . 
Updating Y l , X5 or X4 i s an update at a lower l e v e l . Updating 
XI i s an update a t a higher l e v e l with r e s p e c t to X5 and an 
update at a lower l e v e l with r e s p e c t to X and Y. 
3 • 1 • 1 UPDATE AT A HIGHER LEVEL 
I n t h i s type the update i s f i l t e r e d down and r e f l e c t e d on a l l 
the r e l a t i o n s defined on the updated r e l a t i o n . The c o r r e s -
ponding d e f i n i t i o n i s a p p l i e d to the updating r e l a t i o n 
s u c c e s s i v e l y a t each l e v e l . 
Examples 1 and 3 i l l u s t r a t e t h i s 
ir.sp.rt ion i s e s s ^ n t i ? l l y c a r r i e d 
type of in s f i r L i o n - The 
(a) The d e f i n i t i o n i s appli e d to the updating r e l a t i o n (the 
r e l a t i o n c o n t a i n i n g the t u p l e s to be i n s e r t e d ) . The 
r e s u l t i n g r e l a t i o n i s the updating information which 
w i l l be passed to the fol l o w i n g l e v e l s . 
(b) I f the r e l a t i o n to be updated i s e x p l i c i t , the updated 
form w i l l be the union of the r e l a t i o n and the updating 
r e l a t i o n r e s u l t i n g from ( a ) . 
The exception to the above r u l e i s the d e f i n i t i o n c o ntaining 
the d i f f e r e n c e operator when the second r e l a t i o n i s to be 
updated. Example 2 i l l u s t r a t e s t h i s type of d e f i n i t i o n . I n 
t h i s type the i n s e r t i o n i s c a r r i e d out as f o l l o w s : 
37 
Example 1 ( I n s e r t i o n ) 
R e l a t i o n Y R e l a t i o n V /\ 
40 A C 20 B G 
8 T D 8 T D 
3 L S 14 N M 
3 T S 
4 A C 














R e l a t i o n X5 
D e f i n i t i o n s : XI = Y i n t e r s e c t i o n X 
X5 = XI d i f f e r e n c e X3 
R e l a t i o n I (thr-. updating tupl e s to be 
4 A C — - J — - n -/ 
5 M D 
A f t e r the update: 
( i ) Y = Y l j I Y 
4 A 
5 M D 
40 A C 
8 T D 
3 L S 
( i i ) 1 = 1 i n t e r s e c t i o n X I XI 
XI = X I U I 4 A C 4 A C 
8 T D 
3 L S 
( i i i ) 1 = 1 d i f f e r e n c e X3 I X5 
X5 = X5 U I A t A *—* 4 A C 
3 L S 
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Example 2 ( I n s e r t i o n ) 
Suppose i n Example 1: 
d e f i n i t i o n : 
( i i i ) X5 = X3 d i f f e rence XI 
( i v ) X6 = p r o j e c t C I ] (X5) 
A f t e r XI i s updated: 
XI X3 
4 A C 8 T D 2 Q R 
8 T D 2 Q R 
3 L S 3 S T 
Suppose I i s X6 
4 A C 2 
3 
/ •: i i ) ( I — T\ — / the def i n i t i on i 
contains d i f f e r e n c e and the 4 A C 
2 Q R 
se con d re 1 at i on < 4-- I - O l _ W *— 
updated. 
X5 = X5 d i f f e r e n c e I 
[ A l t e r n a t i v e l y , 
( i i i ) I = X 3 0 1 
X5 = X5 d i f f e r e n c e I ] 
X5 
3 S 
Now I i s the r e l a t i o n with the t u p l e s to be deleted. The 
update continues as a d e l e t i o n operation. 
( i v ) I = p r o j e c t i o n \l\ ( I ) 






Example 3 ( I n s e r t i o n ) 
R e l a t i o n X5 R e l a t i o n X3 
8 T D 8 T D 
3 S Q 2 Q R 
R e l a t i o n Y as i n Example 1 
R e l a t i o n XI i s i m p l i c i t 
R e l a t i o n I (updating t u p l e s ) 
4 • A C 
5 M D 
XI = Y: s e l e c t Y [ l ] < 2 0 
X5 = P r o j e c t ( [ 1 3 , [ 3 3 f [ 5 3 ) ( J o i n XI & X3; 
X1[1J>X3[1J) 
A f t e r the update: 
(i ) v = y i j T Y 
A •a "A n. C 
5 M D 
40 A C 
8 T D 
3 L S 
( i i ) 1 = 1 : s e l e c t I[13<20 I 
XI i s not updated because i t 4 A C 
i s i m p l i c i t 5 M D 
( i i i ) I = P r o j e c t ( [ 1 ] , [ 3 3 , [ 5 3 ) ( J o i n I & I 
X3: I[13>X3[13) 4 C Q 
5 D Q 
X5 = X5 U I X5 
4 C Q 
5 D Q 
8 D Q 
3 S Q 
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Example 4 (Deletion) 
X I X3 X5 
8 T D 8 T D 2 Q R 
3 L S 2 Q P. 
3 L R 
R e l a t i o n Y as i n Example 1 
Delete from r e l a t i o n Y the t u p l e s f o r which Y [ l ] > 3 . 
T h i s i s e q u i v a l e n t to s p e c i f y i n g the t u p l e s 
to be deleted as 
D = Y: s e l e c t Y [ l ] > 3 
R e l a t i o n D (the t u p l e s to be deleted) 
40 A C 
8 T D 
D e f i n i t i o n s : 
XI = Y: s e l e c t Y [ l ] < 2 0 
X5 = X3 d i f f e r e n c e XI 
A f t e r the update: 
( i ) Y = Y d i f f e r e n c e D 
( i i ) D = D: s e l e c t D[l]<20 
XI = XI d i f f e r e n c e D 
( i i i ) The d e f i n i t i o n contains a d i f f e r e n c e 
and the second r e l a t i o n i s to be 
updated. 
D = X3DD 
X5 = X5 Union D 
The update continues as an i n s e r t i o n operation 
3 L S 
D 
8 T D 
XI 
3 L S 







Example 5 (Change i n o b j e c t v a l u e ) 
XI X3 X5 
8 T D 8 T D 2 Q R 
3 L S 2 Q R 
R e l a t i o n Y as i n Example 1. 
In r e l a t i o n Y r e p l a c e the values Y [ l ] > 3 by 10. 
This i s eq u i v a l e n t to the d e l e t i o n operation of Example 
D 
40 A C 
8 T D 
follov;ed by the i n s e r t i o n 
I 
10 A C 
10 T D 
D e f i n i t i o n s : XI Y; c e l s c t Y[I]<2C 
A f t e r the update: 
Y -- (Y d i f f e r e n c e D) union I Y 
3 T J J S 
10 A n 
10 T D 
D = D: s e l e c t D[l]<20 D 
8 T D 
1 = 1 : s e l e c t I [ l ] < 2 0 I 
10 A C 
10 T D 
XI = (XI d i f f e r e n c e D) union I XI 
3 L S 
10 A C 
10 T D 
D = X3 i n t e r s e c t i o n D D 
8 T D 
( I = I ) I NULL 
X5 = (X5 union D) d i f f e r e n c e I X5 
2 Q R 
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( i ) No operation i s performed on the updating r e l a t i o n . 
[ A l t e r n a t i v e l y , the same r e s u l t w i l l be reached i f the 
d e f i n i t i o n i s a p p l i e d to the updating r e l a t i o n with 
the d i f f e r e n c e r e p l a c e d by i n t e r s e c t i o n . ] 
The updating r e l a t i o n i s passed to the lower l e v e l s as a 
d e l e t i o n and the process continues as a d e l e t i o n operation. 
( i i ) I f the r e l a t i o n to be updated i s e x p l i c i t , the updated 
form w i l l be the d i f f e r e n c e of the r e l a t i o n and the 
updating r e l a t i o n [ r e s u l t i n g i n ( i ) ] . T h i s a p p l i e s 
to a l l the r e l a t i o n s a t lower l e v e l s . 
D e l e t i o n s 
In t h i s case the update may be s p e c i f i e d by providing e i t h e r 
a r e l a t i o n (D) containing the t u p l e s to be deleted c r a boolean 
f i l t e r which s e l e c t s the t u p l e s t o be deleted from the r e l a t i o n 
to be updated. The e x t r a c t e d t u p l e s c o n s t i t u t e the updating 
r e l a t i o n (D). 
Example 5 i l l u s t r a t e s the mechanism of the d e l e t i o n . I t i s 
the same as the mechanism of the i n s e r t i o n (described above) 
except f o r the f o l l o w i n g : 
In (a) and (b) the union i s r e p l a c e d by the d i f f e r e n c e . 
I n ( i ) only the a l t e r n a t i v e method i s a p p l i c a b l e . The 
updating r e l a t i o n i s passed to lower l e v e l s as an 
i n s e r t i o n . 
I n ( i i ) the d i f f e r e n c e i s r e p l a c e d by the union. 
A -» 
Change _in_obj^ect_ value 
This i s explained i n Example 5. 
§ _ §112 2£ i t h j]} 
The i n s e r t i o n algorithm f o r updates from higher l e v e l s i s as 
f o l l o w s : 
procedure i n s e r t (R,I,DIFF2) r e c u r s i v e ; 
boolean DIFF2; r e l a t i o n s K,I,IN; 
comment R i s the r e l a t i o n t o be updated 
I i s the r e l a t i o n of t u p l e s to be i n s e r t e d 
i n R 
n the number of r e l a t i o n s defined on R 
t h 
D, i s the k. d e f i n i t i o n from R to the 
lower l e v e l ls'k<n 
i s with d i f f e r e n c e r e p l a c e d by 
i n t e r s e c t i o n a p p l i c a b l e i n the case 
of d e l e t i o n 
DIFF2 a l o g i c a l v a r i a b l e t r u e when D, contains 
d i f f e r e n c e and the second r e l a t i o n i s 
to be updated 
X, i s the k r e l a t i o n defined on R; k 
i f R i s i m p l i c i t then goto EXP; 
i f DIFF2 then R:=R-I e l s e R:=RIJI; 
EXP: i f n=0 then goto EXIT; 
f o r jj=l step 1 u n t i l n do; 
begin; DIFF2=DIFF2 and <D^ contains d i f f e r e n c e and 
the j r e l a t i o n defined on R i s the second 
JTG 1 cl t 1 OT1 ^  / 
i f DIFF2 then IN?=I; 
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comment i n case of d e l e t i o n IN?=D* . ( I ) ; J 
e l s e IN:=D_.(I); 
i f I N ^ n u l l then 
i n s e r t (X.. ,IN ,DIFF2) ; 
end; 
EXIT: 
end i n s e r t ; 
The algorithms f o r d e l e t i o n and change of object value follow 
from the above algorithm. 
D i s c u s s i o n 
The s i g n i f i c a n t advantage of t h i s approach to updating r e l a t i o n s 
i s the r e s t r i c t i o n of updates to e x p l i c i t forms only, which 
e l i m i n a t e s the p o t e n t i a l c o s t of er e n t i n g a l l re 1«-H ons d~w« 
the h i e r a r c h y . One main disadvantage, however, i s t h a t the 
a p p l i c a t i o n programmer has to give the system an update r o u t i n e 
fo r each f u n c t i o n he adds to the system. 
For example: 
The d e f i n i t i o n : X1=S0RT(Y) ON Domain(2); 
When the updating r e l a t i o n I i s i n s e r t e d 
Isorted=SORT(I) ON Domain(2); 
X1=X1 Union I s o r t e d ; 
T his i s a v/rong r e s u l t . The c o r r e c t r e s u l t i s 
X1=X1 MERGE I s o r t e d 
(The only change i s the replacement of union by MERGE, which i s 
a r e s t r i c t e d form of the union.) 
In the case of the d e l e t i o n : 
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A f t e r d e l e t i o n Y---Y d i f f e r e n c e D 
Dsorted=SORT(D) on Domain(2) 
Xl=Xl d i f f e r e n c e D 
or more e f f i c i e n t l y 
X1=X1 DEMERGE Dsorted 
where DEMERGE i s an operator which takes a tuple from the 
second r e l a t i o n and searches the f i r s t r e l a t i o n , tuple by 
t u p l e , u n t i l i t f i n d s 
e i t h e r a tuple e q u i v a l e n t to th a t of the second r e l a t i o n , 
i n which case the tuple of the f i r s t r e l a t i o n w i l l 
be deleted; 
or a tuple of s o r t key (s o r t domain(s)) value g r e a t e r 
than t h a t of the second relation"?? tv.oles 
I t repeats th.i s u n t i l one of the two r e l a t i o n s i s exhausted. 
The above update mechanism w i l l be extended at implementation 
stage by adding r u l e s which account f o r complex c a s e s , e.g. 
when the d e f i n i n g r e l a t i o n appears more than once i n a s i n g l e 
operation. 
e.g. R i s defined as S j o i n S (R =S *S ) y o o J o O O P 
L e t R =S *X (where X =S , X i s a dummy r e l a t i o n ) o o o o o o J 
S X o o V 
R 
o 
To update S^ and X q by I . 
Since S and X are at the same l e v e l we can s t a r t by updatinq o o 
any branch to the next l e v e l . 
S t a r t i n g from l e f t t o r i g h t : 
1. The r e l a t i o n to be updated i s S Q 
(a) Update S O 
S , = S U I ( S 1 , R 1 , . . . are the updated v e r s i o n s of 
S iR , • » • ) 
o' o' 
(b) Update R 
o 





2. The r e l a t i o n to be updated i s X Q 
(a) Update X 
X^ = X Q U I {a dummy update) 
(b) Update R x 
R 2=R XU ( S ^ I ) 
i . e . updated R=R Q (J ( I * X Q ) U ( ( S U I ) * I ) 
=R QU ( I * S ) U ( S 0*D U (1*1) 
G e n e r a l l y , when the d e f i n i n g r e l a t i o n occurs more than once i n 
a s i n g l e operation of the d e f i n i t i o n , occurrences are updated 
one a t a time keeping the other occurrences f i x e d a t t h e i r l a s t 
v alue. The update f o r each occurrence i s c a r r i e d to the next 
l e v e l . 
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The proof of the algorithm f o r higher l e v e l update 
(1) I i s the s e t of t u p l e s to be i n s e r t e d 
S q i s r e l a t i o n S a f t e r I i s i n s e r t e d ( a f t e r update) 
R i s r e l a t i o n R a f t e r update o L 
The i n s e r t i o n i s defined a s : 
Given ( i ) r e l a t i o n R i s defined on r e l a t i o n s S and A 
as R=A C1 S 
( i i ) the d e f i n i t i o n holds a f t e r R and S are updated, 
i . e» R =A 0 S 





To prove t h a t 
R =R U I o o 
where I =A .0 I (the method followed i n the 
i n s e r t i o n algorithm) 
Proof R =A n s o o 
=A n (s u i ) 
= (AOS) U (Ap i l ) i d e n t i t y 
= R O I o 
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(2) The proof of the i n s e r t i o n algorithm at higher l e v e l s 
when the d e f i n i t i o n contains d i f f e r e n c e and the second 
r e l a t i o n i s to be updated. 
Given ( i ) S Q = S U I the d e f i n i t i o n of i n s e r t i o n 
( i i ) R=A-S the d e f i n i t i o n of r e l a t i o n R 
on r e l a t i o n S 
( i i i ) R =A-S the d e f i n i t i o n holds a f t e r the ' o o 
update 
Prove a =T<-± 
o 
Proof R = A-S o o 
= A n r 
= A n (s\j i ) 
= A A(s ni) 




(2) The a l t e r n a t i v e approach for d e f i n i t i o n s containing 
d i f f e r e n c e and the second r e l a t i o n i s to be updated. 
Given V s u 1 
R=A-S 
R =?-S o o 
I =Af\ I o 
the d e f i n i t i o n of i n s e r t i o n 
the d e f i n i t i o n of r e l a t i o n R on r e l a t i o n 
the d e f i n i t i o n holds a f t e r the update 
the i n s e r t i o n 
Prove R =R-I o o 
Proof ( i ) R = A-S O o 
= An s" 
= A n (s v i) 
= A n (S ft I ) 
- A nS'Ptl 
( i i ) R-I = (A-S)-(AH I ) 
- (APiS) f! (A f\ I ) 
= AftS rs(A-oT) 
- s n [A r\ (AU i ) ] 
= S H[ (AAA) U (A Pi 1) 1 
= s r>[0 o (AHT) j 
= s r,(A uT) 
= A n s n i 
= R 
I n the case of d e l e t i o n s S =S-I and R =RU I . The proof 
o o o 
follows from the above proof. 
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Example 6 ( I n s e r t i o n a t a lower l e v e l ) 
D e f i n i t i o n s : 
X1=Y:Y[1]>20 
X5=project XI on ( [ 1 ] , [ 4 ] ) ; 




(b) To update XI by I 
30 C Q R 
40 M N P 
10 c •1— M 
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3.1.2 UPDATE AT A LOWER LEVEL 
I n a d d i t i o n to the conditions imposed on ordinary updates, 
e.g. the c o m p a t i b i l i t y of the updating r e l a t i o n and the 
r e l a t i o n to be updc i ted , the following conditions should be 
s a t i s f i e d f o r updating r e l a t i o n s at lower l e v e l s : 
( i ) The update should not r e s u l t i n l o s s of information 
at upper l e v e l s , e.g. i n Example 6(a) when r e l a t i o n 
X5 i s updated, the updating t u p l e s cannot be u n i t e d 
with r e l a t i o n XI because these t u p l e s supply 
information f o r only two of the domains of X I . 
I n such cases the update v / i l l provide incomplete 
information and should t h e r e f o r e be p r o h i b i t e d . 
Updating XI, however, does not l e a d to missing 
information i n upper l e v e l s . The system should 
prompt the u s e r to update the r e l a t i o n a t the 
lowest l e v e l whose update does not v i o l a t e condi-
t i o n s ( i ) and ( i i ) . 
( i i ) No ambiguity should r e s u l t at higher l e v e l s due to 
the update, e.g. r e l a t i o n R i s defined as the union 
of r e l a t i o n s S and Q. When R i s updated the data 
base system cannot r e a d i l y know which of the 
updating t u p l e s should update each of S and Q and 
which should update both r e l a t i o n s . Whenever such 
an ambiguity e x i s t s , the update operation must be 
p r o h i b i t e d . 
( i i i ) The updating t u p l e s must s a t i s f y the d e f i n i t i o n of 
the r e l a t i o n to be updated. I n Example 6 ( b ) , i f 
52 
r e l a t i o n XI i s updated by r e l a t i o n I , the system 
must r e j e c t the l a s t tuple because i t c o n t r a d i c t s 
the d e f i n i t i o n of the r e l a t i o n to which i t w i l l 
belong. S i m i l a r l y , i f a tuple i s to be del e t e d 
from such a r e l a t i o n , an e q u i v a l e n t tuple must 
e x i s t i n the r e l a t i o n ; otherwise the d e l e t i o n i s 
meaningless. 
With these c o n s t r a i n t s , more weight i s attached to the 
consis t e n c y of the data base information on the expense of 
the user convenience. Indeed, i n c o n s i s t e n c y i n i t s e l f , 
r e g a r d l e s s of any other r e p e r c u s s i o n s , may perhaps l e a d to 
more inconvenience ;.o the user. 
With updating at r>. lower l e v e l , almost each c ^ ' j r a t c r i n thd 
d e f i n i t i o n r e q u i r e s a d i f f e r e n t updating algorithm. Some 
operators i n the d e f i n i t i o n cause ambiguity with i n s e r t i o n s 
only while they do not cause ambiguity with d e l e t i o n s . For 
other operators, the d e f i n i n g r e l a t i o n s i n the upper l e v e l 
must be e x p l i c i t . Even i f the update operation i s to be 
delayed u n t i l the i m p l i c i t r e l a t i o n i s requested, the i m p l i c i t 
r e l a t i o n has to be m a t e r i a l i s e d i n order to check the 
v a l i d i t y of the update. However, a l l the d e f i n i t i o n s do 
not lead to ambiguity i n the case of d e l e t i o n s . 
I t would t h e r e f o r e be a s e n s i b l e d e c i s i o n to p r o h i b i t i n s e r -
t i o n s and value changes from lower l e v e l s . However, l e t us 
see the behaviour of some d e f i n i t i o n s containing the usual 
r e l a t i o n a l operators. The r e l a t i o n a l operators may be 
di v i d e d i n t o two groups according t o t h e i r performance when 
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r e l a t i o n s having these operators i n t h e i r d e f i n i t i o n s are 
updated. 
(1) £h^_reg^lar_ operators 
These operators have tv/o major p r o p e r t i e s when the d e f i n i t i o n 
of the r e l a t i o n t o be updated contains one of them: 
(a) they do not lead to ambiguity 
(b) the updating r e l a t i o n (tuple) can be passed to 
higher l e v e l s 
A t h i r d property i s not possessed by a l l these o p e r a t o r s : 
(c) they do not re q u i r e the presence of the d e f i n i n g 
r e l a t i o n i n i t s e x p l i c i t form 
In s h o r t , they almost have the same advantages of updates a t 
higher l e v e l s . These operators a r e : 
( i ) S e l e c t i o n : 
D e f i n i t i o n X1=Y:Y[1]>2 
When I i s i n s e r t e d i n XI Yupdated=Y \j I 
The update t o be passed t o upper l e v e l s = I 
When D i s deleted from XI Yupdated=Y-D 
The update to be passed to upper l e v e l s = D 
( i i ) D i f f e r e n c e : 
D e f i n i t i o n X1=Y-X 
A f t e r i n s e r t i o n X1=X1VJI 
Y=Y U I 
X i s not a f f e c t e d by the i n s e r t i o n 
i . e . the f i r s t r e l a t i o n i s updated by I . 
I i s passed t o higher l e v e l s 
Since 10 X=0, the second r e l a t i o n should be made 
e x p l i c i t to check the v a l i d i t y of the update. 
A f t e r d e l e t i o n X1=X1-D 
Y=Y-D 
X i s not a f f e c t e d by the d e l e t i o n 
i . e . the f i r s t r e l a t i o n i s updated by D. 
D i s passed to upper l e v e l s 
( i i i ) J o i n : 
D e f i n i t i o n Xl=Join(Y:Y[1]>2 
& X:X[1]<5) 
A f t e r i n s e r t i o n : X1=X1UI 
Y=Y ij ! 
X=X <J i 
where I = p r o j e c t i o n (on the domains of Y ) ( I ) 
I = p r o j e c t i o n (on the domains of X ) ( I ) 
V a l i d i t y t e s t s : 
(1) t u p l e s of 1^ and I must s a t i s f y t h e i r 
corresponding term of the boolean f i l t e r . 
(2) e i t h e r I must contain (X:X[1]<5) 
or I must contain (Y:Y[1]>2) 
The second condition n e c e s s i t a t e s the presence of 
the d e f i n i n g r e l a t i o n s (X and Y) i n t h e i r e x p l i c i t 
forms. I t i s a d v i s a b l e to make one r e l a t i o n (e.g. X) 
e x p l i c i t and i f condition (2) i s s a t i s f i e d , the 
updating t u p l e s of the other r e l a t i o n (e.g. Y) w i l l 
be passed to higher l e v e l s without the need to make 
Y e x p l i c i t . 
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where = p r o j e c t i o n (on the domains of X)(D) 
D = p r o j e c t i o n (on the domains of Y)(D) 
JL 
The above conditions f o r the v a l i d i t y of the i n s e r t i o n 
apply f o r the d e l e t i o n . 
(2) '£{}s_irre2ular_ operators 
When a d e f i n i t i o n contains one of these operators, the 
following problems a r i s e : 
(a) ambiguity of i n s e r t i o n s . 
(b) the d e f i n i n g r e l a t i o n s have to be e x p l i c i t i n order 
to e i t h e r check the v a l i d i t y of the update or to 
pass the t u p l e s t o be i n s e r t e d t o higher l e v e l s . 
These operators a r e : 
( i ) The union 
e.g. D e f i n i t i o n (a) Xl=X\JY 
A f t e r i n s e r t i o n X1=X1(J1 
X and Y cannot be updated (by i n s e r t i o n ) 
I t i s sometimes p o s s i b l e to avoid ambiguity, f o r example 




i . e . XI and X2 are defined on one r e l a t i o n and are 
d i s j o i n t 
p r o j e c t i o n ( [ 1 ] ) ( X l ) 0 p r o j e c t i o n ( [ 1 ] ) ( X 2 ) = 0 
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Now, l e t us consider the d e l e t i o n using d e f i n i t i o n ( a ) . 
A f t e r deletion' X1=X1-D 
X=X-Dx 
Y-Y-B 
y where D = X H D x 
D y = YHD 
D and D w i l l be passed to higher l e v e l s , x y 
Since d e l e t i o n s are p o s s i b l e , changes i n value w i l l be 
p o s s i b l e because the tu p l e s whose o b j e c t s are to be changed 
have been known from the d e l e t i o n operation. I t should 
be noted, however, t h a t f o r the d e l e t i o n s and value changes 
to take p l a c e , the d e f i n i n g r e l a t i o n s must be e x p l i c i t . 
( i i ) The p r o j e c t i o n 
D e f i n i t i o n X l = p r o j e c t i o n ( [ 1 ] , [ 2 ] ) (Y) 
A f t e r i n s e r t i o n X1=X1'J I 
Y cannot be updated (by i n s e r t i o n ) . 
A f t e r d e l e t i o n X1=X1-D 
Y=Y-D 
y 
where = p r o j e c t i o n (on domains of Y ) ( J o i n Y and D) 
( Y : Y [ l ] = D r 1 ] & Y[2]=DC2]). 
Dy i s passed to higher l e v e l s . 
S i m i l a r l y , s i n c e d e l e t i o n i s p o s s i b l e , change i n o b j e c t 
values i s a l s o p o s s i b l e . 
A l t e r n a t i v e l y : 
Consider the following example: 
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Y XI 
4 5 A 8 5 3 
2 6 B 4 6 4 
1 2 C 3 2 3 
0 / TN r> / Q ^ *S U O H O 
1 4 E 7 
XI i s defined as p r o j e c t ( [ 2 ] , [ 4 ] ) (Y) 
Nov/ l e t us delete D 
2 3 
4 8 
A f t e r d e l e t i o n XI 
5 8 
6 4 
To update Y. we w.i 11 d e l e t e a l l the t u p l e s of Y whose 
second and fourth o b j e c t values ftuui' ihe T.j. >"st and 
the second values of any tuple of D-. 
A f t e r d e l e t i o n Y 
4 5 A 8 
2 6 R 4 
1 4 E 7 
T h i s can be g e n e r a l i s e d as f o l l o w s : 
Y a f t e r update = Y-.D 
y 
Dy (tupl e s deleted from Y) = 
.m. 
U Y: ( Y [ l [ i j ] = D i [ l ] & Y[i[2;i]=D. [2]&. . .£ Y[ U p ] ^ [p] ]) j = i 3 3 
where l [ i ] i s the i * " * 1 domain i n the p r o j e c t i o n l i s t , 
e.g. i n the above example the l i s t i s (2,4) 
D j [ r ] i s the r t h o b j e c t (Domain ( r ) ) of the j t h 
tuple of r e l a t i o n D 
r=l,...,p ) where p,m are the degree and 
j=l,...,m J c a r d i n a l i t y of r e l a t i o n D 
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Nov;, i f Y i s a defined r e l a t i o n and i s i m p l i c i t , we. w i l l 
pass D upwards a f t e r noting the domain of Y correspond-
ing to each domain of D. Th i s information i s i n the 
d e f i n i t i o n . The above ex p r e s s i o n w i l l then be applie d 
to r e l a t i o n s i n uppei l e v e l s . 
Within these l i m i t s the d e f i n i n g r e l a t i o n need not be 
e x p l i c i t . However, i f the d e f i n i n g r e l a t i o n (the 
r e l a t i o n to be updated, e.g. Y) has another r e l a t i o n 
defined on i t and the d e f i n i t i o n of the l a t t e r r e l a t i o n 
contains s e l e c t i o n s or j o i n s on domains other than 
those i n the p r o j e c t i o n l i s t , the d e f i n i n g r e l a t i o n (Y) 
must be e x p l i c i t . 
( i i i ) Some u s e r - w r i t t e n operations 
e.g. Suppose a user wants to keep a r e l a t i o n s o r t e d on 
a c e r t a i n domain, He w i l l submit the fol l o w i n g 
d e f i n i t i o n to the system: 
Xl=soi"x(Y) on domain (1) 
A f t e r i n s e r t i o n Xl=Xl MERGE(sort(I)) 
Y=YU I 
I i s passed to higher l e v e l s . 
A f t e r d e l e t i o n X1=X1-D, or f o r b e t t e r performance, 
X1=X1 DEMERGE(sort(D)) 
Y=Y-D 
D w i l l be passed to higher l e v e l s . 
T h i s example shov/s the f o l l o w i n g : 
(a) both i n s e r t i o n s and d e l e t i o n s are p o s s i b l e . 
(b) the t u p l e s to be i n s e r t e d must be sorted before 
they are i n s e r t e d (merged). The system should 
know how to deal with the updates at the time 
of the submission of the d e f i n i t i o n . T h i s i s 
a necessary condition f o r a l l d e f i n i t i o n s con-
t a i n i n g u s e r - d e f i n e d operators unknown to the 
system. 
(c) the d e f i n i n g r e l a t i o n need not be e x p l i c i t . 
L o c a l I n s e r t i o n s 
A p o s s i b l e s o l u t i o n f o r the problem of i n s e r t i o n a t lower 
l e v e l s when d e f i n i t i o n s contain the union or the p r o j e c t i o n 
operators f o l l o w s . 
I n such a s i t u a t i o n we cannot add the updating information 
to the data base because i t leads to ambiguity. A p o s s i b l e 
improvement i n the s i t u a t i o n i s t h a t the system c r e a t e s a 
base r e l a t i o n containing a l l the i n s e r t i o n s . 
e.g. r e l a t i o n C i s defined C=AU B 
When tu p l e s are i n s e r t e d i n C, a base r e l a t i o n T 
i s c r e a t e d by the system, i . e . Define C=AuBUT. 
Whenever t u p l e s are i n s e r t e d i n C, they are kept 
i n T. 
The i n s e r t i o n i s not c a r r i e d to a l l the r e l a t i o n s 
above C f I t i s r e t a i n e d l o c a l l y and C has 
up-to-date,information. 
3.1.3 SUMMARY OF UPDATES 
The above d i s c u s s i o n shows t h a t i t i s p o s s i b l e to update 
r e l a t i o n s at higher l e v e l s without the need to r e c r e a t e 
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i m p l i c i t r e l a t i o n s . 
On updating from lower l e v e l s , the union and the p r o j e c t i o n 
operations r e q u i r e more c o n t r o l information from the user i n 
order to achieve s u c c e s s f u l i n s e r t i o n s . D e l e t i o n s and 
changes i n values are p o s s i b l e . 
With u s e r - w r i t t e n f u n c t i o n s , the operation to be c a r r i e d out 
on updating r e l a t i o n s should be s p e c i f i e d . 
Having d e a l t with the update problem, l e t us d i s c u s s the prob-
lems a s s o c i a t e d with the d e f i n i t i o n and d e l e t i o n of r e l a t i o n s . 
Since these are system operators the r u l e s tlr-.fining t h e i r 
operation may change with changing systems or implementations. 
Here one way of s o l v i n g the problem i s suggested, bearing i n 
i n mind the o b j e c t i v e s s e t out at the beginning of the chapter. 
3.2 DELETION OF RELATIONS 
By d e l e t i o n of a r e l a t i o n i s meant, i n the user's view, the 
t o t a l removal of the r e l a t i o n : i t s name and information content 
from the data base, and the f r e e i n g of the space i t occupies. 
The f o l l o w i n g r u l e i s suggested: 
A l l r e l a t i o n s may be d e l e t e d by a u t h o r i s e d u s e r s 
except d e f i n i n g base r e l a t i o n s . 
T h i s may be explained as f o l l o w s : 
(a) I n order to d e l e t e a d e f i n i n g base r e l a t i o n (e.g. X and 
Y i n F i g u r e 2.1) the u s e r must f i r s t d elete the r e l a t i o n s 
dependent on i t . However, i f he i s not a u t h o r i s e d to 
a c c e s s some of the dependent r e l a t i o n s , he w i l l not be 
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av/are of t h e i r presence and he w i l l t h e r e f o r e d e l e t e 
h i s own dependent r e l a t i o n s . 
(b) A defined r e l a t i o n at the bottom of the h i e r a r c h y may 
be d e l e t e d (e.g. r e l a t i o n s Y l and X4). 
(c) A r e l a t i o n i n the middle of the h i e r a r c h y ( i . e . a 
defined d e f i n i n g r e l a t i o n , e.g. X I , X2 and X3) may 
be deleted. The system d e l e t e s the p h y s i c a l 
r e p r e s e n t a t i o n of the r e l a t i o n but i t keeps the 
d e f i n i t i o n . I t then a s s i g n s the d e f i n i t i o n to a 
dummy name. The dummy name i s s u b s t i t u t e d i n the 
d e f i n i t i o n of the dependent s u c c e s s o r s , 
e.g. D e f i n i t i o n s Xl=Y:Y[l]>5 
X5=X1:X1[2]>10 
X6=X1:X1[2]£10 
Delete (XI) changes the above d e f i n i t i o n s as 




Dummy i s only a d e f i n i t i o n to pass updates. 
I t w i l l not be p h y s i c a l l y r e a l i s e d . 
The D e l e t i o n Algorithm 
Delete (R) r e c u r s i v e . 
A. I f R i s a defined r e l a t i o n goto B; 
(R i s a base r e l a t i o n ) 
A l : i f R i s a d e f i n i n g r e l a t i o n goto A3; 
A2: (Base non-defining r e l a t i o n ) 
Destroy r e l a t i o n R; goto FINISH; 
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A3: (Base d e f i n i n g r e l a t i o n ) 
I f the user i s authorised to d e l e t e some of 
the r e l a t i o n s defined on R then goto A5; 
A4: (user unauthorised). 
P r i n t message 'You are not a u t h o r i s e d 
to d e l e t e R 1. 
goto FINISH. 
A5: (user a u t h o r i s e d to delete some or a l l the 
r e l a t i o n s dependent on R) 
L i s t the r e l a t i o n s dependent on R which the 
us e r i s allowed to d e l e t e . 
Ask the user i f he wants a l l these r e l a t i o n s 
deleted? 
I f the answer .J- = Yes goto £7; 
A6: (Answer i s NO) 
del e t e some of these r e l a t i o n s ' , 
goto FINISH. 
A7: I f these are a l l the r e l a t i o n s dependent on 
R goto A9; 
A8: (some other r e l a t i o n s are defined on R) 
Destroy the us e r ' s r e l a t i o n s dependent 
on R. L i s t a l l the r e l a t i o n s t h a t have 
j u s t been destroyed. P r i n t 'R has been 
d e s t r o y e d 1 . 
Mark R not auth o r i s e d to the current user, 
goto FINISH. 
A9: (the user i s a u t h o r i s e d to d e l e t e a l l r e l a t i o n s 
dependent on R) 
Destroy R and dependent r e l a t i o n s . L i s t the 
destroyed r e l a t i o n s , 
goto FINISH. 
B« (R i s a defined r e l a t i o n ) 
B l : I s any r e l a t i o n dependent on R? I f Yes goto C. 
B2: (R i s the lowest i n the hi e r a r c h y ) 
Destroy R. 
B3: I s the new lowest r e l a t i o n a dummy 
d e f i n i t i o n ? I f NO goto FINISH. 
Remove the dummy d e f i n i t i o n , 
goto B3. 
C= (R i s a defined r e l a t i o n w ith some r e l a t i o n s dependent 
oij i t ) 
Destroy R ( i f physical.!y present) 
Assign the d e f i n i t i o n to a dummy r e l a t i o n name. 
S u b s t i t u t e the dummy name i n the d e f i n i t i o n s of 
dependent r e l a t i o n s . 
FINISH: 
3.3 THE DEFINITION OF RELATIONS ON OTHER RELATIONS 
3.3.1 .• CIRCULAR DEFINITIONS 
T h i s i s the d e f i n i t i o n of a r e l a t i o n d i r e c t l y or i n d i r e c t l y i n 
terms of i t s e l f . 
With c i r c u l a r d e f i n i t i o n s the system can st o r e the same data 
i n more than one form. Depending on the usage and the other 
c h a r a c t e r i s t i c s of the data, the system can choose which forms 
to s t o r e such that the storage u t i l i s a t i o n i s optimum, 
e.g. Consider the fo l l o w i n g d e f i n i t i o n s : 
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(a) Y=X1UY1 
(b) ( Xl=Y:Y[i]>20 
iY1=Y:Y[1]<20 
The information i n r e l a t i o n Y raay be stored i n one of two forms: 
(a) as two r e l a t i o n s XI and Y l while Y i s now a defined 
r e l a t i o n to be assembled only when i t i s requested. 
(b) as one r e l a t i o n Y with XI and Y l as defined r e l a t i o n s . 
However, s e r i o u s i n c o n s i s t e n c y may a r i s e i f t h i s f a c i l i t y i s not 
c a r e f u l l y used. 
In the previous example XI and Y l are d i s j o i n t and the d e f i n i t i o n s 
are always t r u e . Now l e t us consider the f o l l o w i n g example: 
Define 1. Yl=Y:yr .1 ]>2n 
2. X1=Y:Y[2]>10 
y = y i u x i 
I t i s not always obvious i f these d e f i n i t i o n s are c o n s i s t e n t . 
The system has to perform.much time consuming t e s t i n g before 
i t decides to accept or r e j e c t the t h i r d d e f i n i t i o n . Even i f 
the d e f i n i t i o n s are c o n s i s t e n t , a c o n s i s t e n t update f o r XI i n 
(2) w i l l not n e c e s s a r i l y be c o n s i s t e n t f o r ( 3 ) . 
As d e f i n i t i o n s become more complex the overhead f o r checking 
the v a l i d i t y of updates and d e f i n i t i o n s becomes enormous. I t 
i s , t h e r e f o r e , s e n s i b l e not to allow the user to submit such 
d e f i n i t i o n s . 
However, i t i s suggested to allow the system programmer to 
submit d e f i n i t i o n s of the following type: 
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Define Y1=Y:Y[1J>20 ) 
5 major path 
X1=Y:Y[1]<20 j 
Define ( a u x i l i a r y path) Y = X l U Y l 
The system uses the major d e f i n i t i o n only. At r e o r g a n i s a t i o n 
time i t decides which path gives b e t t e r performance. The 
p r e f e r r e d path i s made a major path and i t s d e f i n i t i o n i s used. 
The other d e f i n i t i o n becomes an a u x i l i a r y path. 
This concept can be extended such that the users can prompt 
the system on p o s s i b l e a u x i l i a r y paths. Because the check 
fo r c o n s i s t e n c y occurs only at r e o r g a n i s a t i o n time (or a f t e r 
a reasonably long period of time) the overhead w i l l be w i t h i n 
a t o l e r a b l e l i m i t . I n t h i s way the i n c o n s i s t e n c y can be 
avoided a t a low cost while b e n e f i t i n g from the main advantage 
of c i r c u l a r d e f i n i t i o n s . 
3.3.2 REL'Erj NITIOM 01" I-LfclLATlONS 
e.y. I f r e l a t i o n XI i s defined as Xl=Y:Y[1]>20 
and r e l a t i o n X5 i s dependent on X I ; 
then i f XI i s r e d e f i n e d as Xl=Y:Y[1]<20 
the information i n X5 w i l l be i n c o n s i s t e n t with 
i t s d e f i n i t i o n . 
I t i s r e q u i r e d to s e t some r u l e s to avoid such i n c o n s i s t e n c y . 
However, i f no r e l a t i o n i s dependent on the r e d e f i n e d r e l a t i o n , ' 
then the r e d e f i n i t i o n i s harmless. 
I t i s suggested t h a t r e d e f i n i t i o n i s to be allowed and t h a t the 
system seeks methods by means of which i t can avoid i n c o n s i s t e n c y . 
One method i s suggested below. 
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The r e d e f i n i t i o n of a r e l a t i o n should be seen to amount to the 
d e l e t i o n of the r e l a t i o n and the d e f i n i t i o n of another r e l a t i o n 
having the same name as the deleted one. 
I f the user intends to r e d e f i n e r e l a t i o n R then he i s 
e i t h e r aware of the r e l a t i o n s dependent on P. and he may or 
may not want t h e i r information changed i n accordance 
with the new d e f i n i t i o n ; 
or he i s not aware of the dependent r e l a t i o n s (he may 
not be authorised to access the r e l a t i o n s dependent 
on R) . 
The f o l l o w i n g course of a c t i o n i s suggested to be followed by 
the system: 
A« I f R i s a b a 3 c ireia!.ion Lhen i.1 c c u i r i c L be redei'ined. 
Goto FINISH; 
B. I f no rfi.lat.ion depends on R then R w.i 1 1. be r e d e f i n e d 
and the old data i s destroyed. Goto FINISH; 
C. I f the user i s not a u t h o r i s e d to d e l e t e some of the 
r e l a t i o n s dependent on R then goto G. 
D. The system gives a l i s t of the dependent r e l a t i o n s 
a u t h o r i s e d to the user and asks the user i f he intends 
to have these r e l a t i o n s a f f e c t e d by the new d e f i n i t i o n . 
I f he does not want thera a f f e c t e d goto G. 
E. Make R and a l l h i s r e l a t i o n s t h a t depend on R i m p l i c i t . 
F. Redefine R. Coto FINISH; 
67 
G. . Change the d e f i n i t i o n of K r e p l a c i n g R by a dummy 
name. S u b s t i t u t e the dummy name i n h i s r e l a t i o n s 
dependent on R ( i f any). Delete the p h y s i c a l 
r e p r e s e n t a t i o n of R. 
H. En t e r R as a new r e l a t i o n defined on i t s predecessors, 
FINISH: 
By t h i s method the user i s f r e e t o re d e f i n e h i s r e l a t i o n s 
without c r e a t i n g i n c o n s i s t e n c i e s i n the information or the 
d e f i n i t i o n s of r e l a t i o n s . 
3.3.3 ASSIGNMENT OF DEFINED RELATIONS TO RELATIONS 
(.1) When a r e l a t i o n i s assigned to a defined rel-riticn the 
r e s u l t i n g r e l a t i o n c a r r i e s the information of the 
defined r e l a t i o n at the time of the assignment. The 
resuJt.ing r e l a t i o n i s independent nf t h ^ h i p r ^ r c h y 
and has no connection with what happens to the defined 
r e l a t i o n . 
( i i ) I f a defined r e l a t i o n i s assigned to another r e l a t i o n , 
the new information i n the defined r e l a t i o n may not be 
co n s i s t e n t with the d e f i n i t i o n . 
The f ollowing method i s suggested: 
For the i n s t r u c t i o n R:=S(meaning s e t the content of r e l a t i o n 
equal to the content of r e l a t i o n S) where R i s a defined 
r e l a t i o n : 
A. I t i s a d v i s a b l e to f i r s t check t h a t the user wants 
R assigned t o S. A wrong i n s t r u c t i o n may cost time 
consuming operations. 
B. The assignment i s considered as a d e l e t i o n of the tuple.s 
of R followed by the i n s e r t i o n of S i n R. Before doing 
that,- the v a l i d i t y of S to update R i s checked, i . e . the 
nev; information i n R should be c o n s i s t e n t with the 
d e f i n i t i o n s at higher l e v e l s (as explained i n the 
previous s e c t i o n ) . 
C. Make the r e l a t i o n s dependent on R i m p l i c i t and a s s i g n 
and copy S to R. 
3. 4 FINAL REMARK 
( i ) SUIIIH of ton oT<.iblc^'ns cr>r>sj <Aa.red above P.j^ply to .^relations.! 
and n o n - r e l a t i o n a l data bases (e.g. the question of how 
f a r the user i s allowed to change the subschema a r i s e s 
i n n o n - r e l a t i o n a l data b a s e s ) . The r e l a t i o n a l model 
with i t s underlying w e l l - d e f i n e d mathematical operations 
makes the approach sy s t e m a t i c and p o s s i b l e to g e n e r a l i s e , 
as has been shown i n the case of the update. 
( i i ) For the purpose of i l l u s t r a t i o n the author has implemented 
some of h i s above-mentioned recommendations i n IS/1.0. 
The l i s t i n g of an IS/1.0 s e s s i o n i s shown i n Figure 2.2. 
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Chapter 3 
A GENERALISED PAGE REPLACEMENT ALGORITHM 
1. I n t r o d u c t i o n 
In a r e l a t i o n a l data base having a defined r e l a t i o n s f a c i l i t y , 
some r e l a t i o n s are maintained i n d e f i n i t i o n form u n t i l queried 
while others are e x p l i c i t . An e f f i c i e n t replacement algorithm 
i s needed to manage the content of the f r e e space a v a i l a b l e 
for the data base as defined r e l a t i o n s a l t e r n a t e between the 
s t a t e of d e f i n i t i o n and the s t a t e of e x p l i c i t r e p r e s e n t a t i o n . 
Such an environment i s analogous to a v i r t u a l memory envir o n -
ment and the defined r e l a t i o n i s analogous to a page. 
In t h i s chapter a replacement algorithm f o r defined r e l a t i o n s 
i s d e s c r i b e d . I t i s d i s c u s s e d as a g e n e r a l i s e d page r e p l a c e -
ment problem i n which the pages have v a r i a b l e s i z e s and the 
cost of a page f a u l t .is a fnnnt.i.on of the* rt.i f u l a r p.^ ge 
referenced. I t i s shown how the conventional page replacement 
algorithms are found t o perform inadequately. 
New algorithms are proposed f o r reducing the cost i n c u r r e d 
because of page f a u l t s i n response to a s e r i e s of r e f e r e n c . s . 
A l s o included are the r e s u l t s of s i m u l a t i o n experiments which 
have been run i n order to compare the cost of performance of 
these algorithms with standard techniques and with the minimum 
avhievable c o s t . 
The problem of dependencies e x i s t i n g among r e l a t i o n s ( i . e . 
r e l a t i o n s defined on other defined r e l a t i o n s ) i s l e f t f o r the 
next chapter where the replacement algorithms are ad j u s t e d to 
deal with the problem. 
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2.. The Statement of the Problem 
The t o t a l data storage space a v a i l a b l e to the r e l a t i o n a l 
system may be v i s u a l i s e d as c o n s i s t i n g of two p a r t s (see 
Figur e 3 . 1 ) : 
(1) a base storage area i n which i s stored the r e l a t i o n s 
from which a l l defined r e l a t i o n s are u l t i m a t e l y com-
puted, and 
(2) a dynamic storage area (or the f r e e space i n the data 
base) i n which the system may temporarily maintain 
e x p l i c i t forms. 
Data removed from the dynamic s t o r e i s not l o s t s i n c e i t can 
always be r e c o n s t i t u t e d from base da La by applying tht; 
appropriate d e f i n i t i o n . Tt i s assumed t h a t a pre-assigned 
amount of space i s a v a i l a b l e from dynamic storage, and t h a t 
the system governs the contents of t h i s area. The problem 
of managing the dynamic area so as to maximise o v e r a l l 
e f f i c i e n c y i s analysed. 
At some stage i n the process of c r e a t i n g and querying 
r e l a t i o n s , one or more e x p l i c i t r e l a t i o n s w i l l have to be 
deleted from the dynamic storage i n order to f r e e space f o r 
other requested r e l a t i o n s . A "replacement algorithm" i s 
the name f o r the process that decides which r e l a t i o n i s to 
be o v e r w r i t t e n . I d e a l l y the replacement algorithm should 
f u n c t i o n so as t o minimize some o v e r a l l measure of the cost 
of meeting the storage c o n s t r a i n t i n responding to a s e r i e s 
of q u e r i e s . 
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I t . i s notev.'orthy t h a t t h i s problem i s a v a r i a t i o n , indeed an 
ext e n s i o n , of the conventional demand paging problem [Mattson 
e t a l 1970, McKeay and Iloare 1972]. In a memory h i e r a r c h y , 
core storage space t y p i c a l l y i s l e s s than the sum of data 
requested. Pages of data mu_t be traded back and f o r t h 
between a bulk storage device (e.g. d i s k ) and the high-speed 
core. Rules must be put i n t o e f f e c t for determining which 
blocks of data should be maintained i n core and which should 
be r e p l a c e d by f r e s h l y r e f e r e n c e d data. The system t r i e s to 
estimate which of the pages c u r r e n t l y i n core w i l l be 
ref e r e n c e d i n the near f u t u r e , and which pages w i l l not be 
needed f o r a long time. 
O r d i n a r i l y the h i e r a r c h y implementation i s such t h a t both the 
page s i z e and the c o s t of f e t c h i n g a page from bulk storage 
are constant. I n c o n t r a s t to t h i s , the cost of c r e a t i n g 
a defined r e l a t i o n depends on the complexity of i t s d e f i n i t i o n , 
and r e l a t i o n s so formed w i l l vary i n s i z e . Thus the problem 
of a n t i c i p a t i n g q ueries i n order most e f f e c t i v e l y to as s i g n 
r e l a t i o n s to e i t h e r i m p l i c i t or e x p l i c i t forms i s e q u i v a l e n t 
to t h a t of designing a replacement algorithm f o r a memory 
h i e r a r c h y employing unequal page s i z e s and v a r i a b l e f e t c h 
c o s t s . Table 3.2 i l l u s t r a t e s the correspondence i n d e t a i l . 
3. Replacement Techniques 
I n t h i s s e c t i o n the performance of conventional paging 
algorithms i n the g e n e r a l i s e d paging environment i s examined, 
and two new replacement techniques are proposed. These 
methods are compared a g a i n s t i d e a l i s e d replacement s t r a t e g i e s . 
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CONVENTIONAL PAGING IMPLIED RELATIONS 
Page exception, i . e . page Required r e l a t i o n i s i n 
needed i s not i n core i m p l i c i t form 
ACTION = 
1) S e l e c t a page to he 
r e p l a c e d 
2) Page i n the r e q u i r e d 
page 
1) S e l e c t one or more 
e x p l i c i t r e l a t i o n s 
to be dropped 
2) Convert the r e q u i r e d 
r e l a t i o n from i m p l i c i t 
to e x p l i c i t 
COST: 
Cost i s due to reading 
i n a page 
Cost i s u s u a l l y f i x e d 
Overhead of the replacement 
algorithm i s s i g n i f i c a n t 
Cost i s due to computing 
the i m p l i c i t r e l a t i o n 
Cost v a r i e s from one 
r e l a t i o n to another. 
The c o s t f o r one r e l a t i o n 
i s time v a r y i n g 
Overhead cost not as 
c r i t i c a l 
PAGE SIZE: 
Page s i z e i s u s u a l l y f i x e d The s i z e v a r i e s c onsider-
ably from one r e l a t i o n to 
another. The s i z e of one 
r e l a t i o n i s time v a r y i n g 
Table 3.2 
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The e f f e c t s of updates are not d i r e c t l y considered i n t h i s 
a n a l y s i s . In order t o consider updates the model assumes 
the p a r t i c u l a r s t r a t e g y explained i n the previous chapter, 
i . e . r e l a t i o n s are updated i n plac e and t h a t an i m p l i c i t 
rexaLion i s not made e x p l i c i t f o r updating. Updates are 
accounted f o r by permitting cost and storage parameters to 
be time v a r y i n g . 
In view of the dual nature of the replacement problem con-
s i d e r e d here, the term "page" w i l l often be used to r e f e r t o 
a r e l a t i o n i n i t s r o l e as an o b j e c t to be s h u f f l e d i n and 
out of a l i m i t e d storage space. For s i m p l i c i t y the algorithms 
are described as i f only a s i n g l e page needs t o be re p l a c e d . 
This i s s t r i c t l y true only i f the page s i z e s are uniform. 
In the case where the incoming page r e q u i r e s a d d i t i o n a l space 
the algorithms must be applied i t e r a t i v e l y , e l i m i n a t i n g 
s u c c e s s i v e pages u n t i l s u f f i c i e n t storage i s f r e e . 
In the d i s c u s s i o n , r e f e r e n c e i s made to time, which i s thought 
of as a d i s c r e t e sequence i n d i c a t o r t = 1,2,3... 
The observed number of r e f e r e n c e s to the i f c ^ r e l a t i o n up to 
time t i s denoted u^ ( i = 1,2,... ,r where r i s the number of 
defined r e l a t i o n s ) . The pr o c e s s i n g cost to create the 
r e l a t i o n from i t s d e f i n i t i o n at time t i s denoted c^", and the 
storage space r e q u i r e d i s i d e n t i f i e d by s^T. 
The performance of the following replacement algorithms i s 
compared i n a r e l a t i o n a l context: 
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1) L e a s t Recently Used 
2) L e a s t Frequently Used 
3) L e a s t Expected Cost 
4) L e a s t Expected Loss per u n i t s i z e 
5) A r b i t r a r y Replacement 
THE LEAST RECENTLY USED (LRU) 
The page s e l e c t e d f o r replacement i s the one th a t has not 
been refe r e n c e d f o r the longest time [Mattson e t a l 19 70] 
As t = o we define v a r i a b l e s w?=o f o r eac^ i - l , 2 , . . . , n . 
At t = k when a re f e r e n c e i s made to page i 
k i i k k™™ 1 — • i w. =k and w . =w . f o r i ?= l i J D - ' 
The LRU r u l e i s : a t time t r e p l a c e the page i f o r '.rhich 
w i < w j j=l,2,...,n j ^ i 
This r u l e .is f r e q u e n t l y c i t e d .in s t u d i e s o f cos'iventlojiol 
paging systems. Note, however, that i t does not employ 
s i e e arid c o s t c h a r a c t e r i s t i c s i n a r r i v i n g at a replacemen 
d e c i s i o n . Therefore i t i s to be expected t h a t LRU i s 
most appropriate f o r the case of uniform s i z e and c o s t , 
and w i l l not extend r e a d i l y to the more general case. 
LEAST FREQUENTLY USED (LFU) 
Under LFU the page r e p l a c e d from the storage a t time t i s 
t h a t page t h a t has been refe r e n c e d the fewest times over 
the i n t e r v a l l , 2 , 3 , . . . , t . I f the l e a s t frequency of 
usage i s possessed by two or more pages an a r b i t r a r y r u l e 
i s used to break the t i e (e.g. the one t h a t has a s m a l l e r 
r e f e r e n c e number i s r e p l a c e d ) . 
A p r e c i s e d e s c r i p t i o n i s as f o l l o w s . Whenever a 
reference i s made to page i at time t i t s r e f e r e n c e count 
(usage count) i s updated by 1. 
t t-1 . , . , u. = u. + 1 i = l . . . r l l 
At any po i n t t=k when the dynamic area i s f u l l and the 
need for replacement a r i s e s , r e p l a c e page i which has the 
s m a l l e s t r e f e r e n c e count, i . e . 
k k 
u.. < u^ j = l , . . . r , j ^ i 
T h i s iilgorithm has the advantage of s i m p l i c i t y i n 
a p p l i c a t i o n and small overhead i n storage of the J a t a 
r e q u i r e d f o r the algorithm. 
3) LEAST EXPECTED COST (LEC) 
The expected c o s t of f u l f i l l i n g the next request i f r e l a t i o n 
i j s not e x p l i c i t i s the product of the p r o b a b i l i t y of 
ref e r e n c e t o i and the cost c^ T. 
At time t 
u^ = \i~ f + 1 The refe r e n c e count f o r page i . l i 
The proportion of requests r e f e r e n c i n g page i up to time 
t i s : 
t 
t 
The expected l o s s when i i s not i n the storage may be 
estimated a s : 
t u. i t 
t ~ x c i 
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Hence the problem i s to f i n d the page with the l e a s t 
expected cost at time t . 
t t 
i . e . mm u^ x c^ 
k t 
Since t i s constant i n t h i s ensemble, i t s u f f i c e s to 
r e p l a c e t h a t page i f o r which 
, t t . ( u ± x c^) 
i s l e a s t . 
Note t h a t i f pages have equal c o s t then LEG i s LFU. 
LEAST EXPECTED LOSS PER UNIT SIZE (LEGS) 
Th i c algorithm weights ths expected cost uteu i n (?) by 
the s i z e of the page. 
At time t re p l a c e page i that minimizes u'r.C^ i = l , . . . r 
i i 
St i 
T h i s algorithm reduces the LFU when the cost and storage 
parameters (C^, S^ T) do not vary with the index i . I n 
the v a r i a b l e parameter case i t has the v i r t u e that frequency 
of usage, c r e a t i o n cost and page s i z e are a l ] i n c l u d e d i n 
the replacement mechanism. The weighting i s such t h a t i f 
two pages have i d e n t i c a l c o s t and usage frequency, then 
the one occupying more space w i l l be r e p l a c e d . Such an 
argument s u p p l i e s a h e u r i s t i c j u s t i f i c a t i o n f o r an i n v e r s e 
weighting of the page s i z e . 
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T h i s argument i s f u r t h e r s t r e n g t h e n e d i f one c o n s i d e r s 
s i t u a t i o n s s u c h as the f o l l o w i n g . Suppose t h a t n pages 
o f u n i t s i z e and c o s t and one page h a v i n g s i z e = c o s t = n 
u n i t s a r e i n t h e b u f f e r a t a g i v e n time t . Assume t h a t 
a l l have e q u a l usage, . Which s h o u l d be r e p l a c e d by 
an incoming r e q u e s t f o r n u n i t s o f s t o r a g e ? 
Nov; t h e c o n t r i b u t i o n t o t h e e x p e c t e d c o s t a t time t + l r 
i f the l a r g e page i s r e p l a c e d ( a s s u m i n g t h a t u^ a r e t r u e 
p r o b a b i l i t i e s ) , i s ( u ^ ) ( n ) . I f t h e s m a l l pages a r e a l l 
r e p l a c e d , t h e e x p e c t e d c o s t due t o one o f them b e i n g 
r e q u e s t e d a t time t+1 i s ( n u ^ ) . l . T h e r e f o r e the l o s s 
i s t h e same i n e i t h e r c a s e , and t h e LEI. c r i t e r i o n r e f l e e 
t h i s . 
I n a l a t e r s e c t i o n , t h e s o l u t i o n of an a n a l y t i c model o f 
the r e p l a c e m e n t problem i n o r d e r t o o b L d i n Lhe s o - c a l l e d 
" p r e f e r r e d s e t " v / i l l p r o v i d e a more f o r m a l j u s t i f i c a t i o n 
o f t h e LECS method. 
ARBITRARY REPLACEMENT (ARB) 
T h i s a l g o r i t h m r e p l a c e s a randomly chosen page. I t i s 
u s e f u l i n o r d e r t o d e m o n s t r a t e t h e a c t u a l improvement i n 
p e r f o r m a n c e o b t a i n e d by e a c h a l g o r i t h m o v e r a r b i t r a r y 
s e l e c t i o n . An a l g o r i t h m whose per f o r m a n c e i s t h e same 
a s o r worse th a n ARB may r e a s o n a b l y be d i s c a r d e d . 
A t time t=k choose t h e page t o be r e p l a c e d a s f o l l o w s : 
( i ) g e n e r a t e a random number m between 1 and n 
(where n i s t h e number o f pages i n t h e 
80 
dynamic a r e a ) . 
( i i ) r e p l a c e t h e in*"" page i n the b u f f e r . 
4. I d e a l Replacement 
T h i s r e p l a c e m e n t a l g o r i t h m i s s u g g e s t e d and p r o v e d by C a s e y 
and programmed by t h e a u t h o r [ C a s e y and Osman, A p r i l 19741 
The p e r f o r m a n c e i n d i c a t o r o f a page r e p l a c e m e n t a l g o r i t h m has 
been t a k e n t o be t h e sum o f t h e c o s t s of r e c o n s t i t u t i n g 
i n d i v i d u a l r e l a t i o n s i n r e s p o n s e t o a g i v e n sequence o f 
r e q u e s t s . R eplacement a l g o r i t h m s up t o t h i s p o i n t have 
been assumed t o be n o n - a n t i c i p a t o r y ; t h e y r e c e i v e no informa' 
t i o n r e g a r d i n g an i n c o m i n g r e q u e s t u n t i l t h e moment of 
d e c i s i o n f when s t o r a g e must be p r o v i d e d f o r t h e r e f e r e n c e d 
d a t a . 
I n o r d e r t o e v a l u a t e t h e s e a l g o r i t h m s , i t i s p e r t i n e n t t o 
i n q u i r e what t h e minimum a c h i e v a b l e c o s t might be f o r a g i v e n 
r e f e r e n c e s t r i n g . To a s k t h i s q u e s t i o n i s to seek the 
p e r f o r m a n c e o f an a l g o r i t h m t h a t examines t h e whnje r e q u e s t 
sequence i n a d v a n c e , and f o r m u l a t e s an o p t i m a l s e r i e s o f 
r e p l a c e m e n t s u s i n g t h i s i n f o r m a t i o n . T h i s a l g o r i t h m " c h e a t s " 
i n t h a t i t employs i n f o r m a t i o n not a v a i l a b l e t o t h e o t h e r 
r o u t i n e s . C o n s e q u e n t l y , i t . i s n o t a competing t e c h n i q u e 
f o r f u l f i l l i n g r e q u e s t s upon demand. On t h e o t h e r hand, 
t h e p e r f o r m a n c e i t a t t a i n s i s a f e a s i b l e upper l i m i t i n t h e 
s e n s e t h a t a v e r y " l u c k y " r e p l a c e m e n t a l g o r i t h m c o u l d y i e l d 
t h e same r e s u l t i n a g i v e n t r i a l . 
F o r t h e c a s e o f u n i f o r m page s i z e s and c o s t s , s e v e r a l methods 
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e x i s t f o r f i n d i n g t h e i d e a l p e r f o r m a n c e [ B e l a d y 1966, 
Mattson e t a l 1970, Parmelee e t a l 1 9 7 2 ] . The o p t i m a l 
r e p l a c e m e n t s t r a t e g y i s not u n i q u e , so t h a t d i f f e r e n t con-
s t r u c t i o n s a r e p o s s i b l e . M a t t s o n e t a l have shown t h a t 
one o p t i m a l r u l e ( t h e s o - c a l l e d OPT a l g o r i t h m ) a l w a y s 
r e p l a c e s , among t h e pages c u r r e n t l y i n t h e ' b u f f e r 1 , t h a t 
page w h i c h i s r e q u e s t e d f u r t h e s t i n the f u t u x e . They 
proposed an a l g o r i t h m f o r d e t e r m i n i n g t h i s r e p l a c e m e n t 
s e r i e s i n two p a s s e s o v e r t h e r e f e r e n c e s t r i n g . L a t e r 
work [ B e l a d y and Palermo 19 74] has shown t h a t a s i n g l e p a s s 
w i l l s u f f i c e . 
These r e s u l t s do n o t appear t o e x t e n d d i r e c t l y t o s y s t e m s 
p o s s e s s i n g u n e q u a l s t o r a g e s i z e s and c o s t s . One can 
a p p r e c i a t e t h a t an optimum r u l e must, r o u g h l y s p e a k i n g , be 
r e l u c t a n t t o d i s m i s s from t h e dynamic a r e a an e x p e n s i v e 
r e l a t i o n t h a t o c c u p i e s l i t t l e s p a c e . However, the p r e c i s e 
method embodying s u c h r u l e s i s a c o m p l i c a t e d f u n c t i o n o f 
t h e r e f e r e n c e s t r i n g and t h e s t o r a g e and c o s t p a r a m e t e r s . 
U n l i k e t h e OPT a l g o r i t h m , i t i s n o t e a s i l y e x p r e s s e d i n 
words. 
The a l g o r i t h m i n v e s t i g a t e d h e r e u s e s a s e a r c h t e c h n i q u e t o 
d e t e r m i n e an o p t i m a l r e p l a c e m e n t sequence. The method i s 
b e s t i l l u s t r a t e d by a g r a p h i c a l c o n s t r u c t i o n , Appendix 4, 
f i g u r e A4. T h i s c o n s t r u c t i o n shov/s t h e t r e e g e n e r a t e d as 
v a r i o u s r e p l a c e m e n t d e c i s i o n s a r e .examined i n r e s p o n s e t o 
r e q u e s t s f o r new r e l a t i o n s . 
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A node o f t h e t r e e i s a s s o c i a t e d v/i th a p a r t i c u l a r l i s t of 
s t o r a g e c o n t e n t s . Such a l i s t d e f i n e s a " s t a t e " o f t h e 
s t o r a g e . M o d i f y i n g the b u f f e r i n o r d e r t o accommodate a 
r e q u e s t r e s u l t s i n a new s t a t e . O r d i n a r i l y t h e r e a r e a 
number of c h o i c e s f o r r e l a t i o n s t o be d e l e t e d t o make v/ay 
f o r r e f e r e n c e d d a t a . Thus from a g i v e n s t a t e t h e r e a r c a 
number o f p o s s i b l e t r a n s i t i o n s t o s u c c e e d i n g s t a t e s . . These 
t r a n s i t i o n s a r e i n d i c a t e d by t h e b r a n d i e s o:C F i g u r e M 
(Appendix 4) . 
I f a l l p o s s i b l e t r a n s i t i o n s a r e e v a l u a t e d i n r e s p o n s e t o a 
g i v e n r e f e r e n c e s t r i n g , then the t r e e g e n e r a t e d grows expon-
e n t i a l l y as a f u n c t i o n of t h e time i n d e x . F.ach pdth from 
r o o t t o l e a v e s c o r r e s p o n d s t o a d i f f e r e n t r e p l a c e m e n t 
s t r a t e g y . Somewhere i n t h i s e x h a u s t i v e s e t of s t r a t e g i e s 
a r e t h e minimum c o s t p a t h s t h a t we s e e k . However, 
e x h a u s t i v e e v a l u a t i o n ( i . e . g e n e r a t i n g the e n t i r e t r e e ) i s 
t o o e x p e n s i v e and time consuming f o r even moderate s i z e d 
p r o b l e m s . The e v a l u a t i o n a l g o r i t h m i n v e s t i g a t e d h e r e 
" p r u n e s " t h e t r e e , e l i m i n a t i n g s t a t e s from f u r t h e r c o n s i d -
e r a t i o n w h i l e r e t a i n i n g an o p t i m a l p a t h . I n e x p e r i m e n t s 
t h i s p r u n i n g has been found t o be q u i t e e f f e c t i v e so t h a t 
o n l y a s m a l l number of s t a t e s i n a d d i t i o n t o the o p t i m a l 
one s u r v i v e e a c h p r u n i n g s t e p . 
The a l g o r i t h m may be d e s c r i b e d as f o l l o w s . C o n s i d e r the 
t h 
nodes r e m a i n i n g unpruned a f t e r t h e k r e q u e s t h a s been 
t r e a t e d . To e a c h node c o r r e s p o n d s not o n l y a s t a t e b u t 
a c o s t - t o - d a t e a s w e l l . From t h i s s e t of s u r v i v o r s g e n e r a t e 
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the complete s e t of s t a t e s a t t a i n a b l e i n r e s p o n s e t o t he 
(k+1) r e q u e s t . Now prune t h e s e s t a t e s u s i n g t h e f o l l o w i n g 
r u l e : 
P r u n i n g R u l e D e f i n i t i o n s ; 
X. = s e t o f s t o r e d r e l a t i o n s 
c o r r e s p o n d i n g t o s t a t e i 
t h e c o s t i n c u r r e d i n a r r i v i n g 
a t s t a t e i from s t a r t 
c P t h e c o s t o f r e t r i e v i n g t h e p 
r e l a t i o n when i t i s n o t i n the 
b u f f e r 
D e s i g n a t e by P.. the s e t o f r e l a t i o n s t h a t a r e i n s t a l e i 
but n o t i n s t a t e i . ( I n o r d i n a r y s e t t h e o r y p a r l a n c e we 
would w r i t e P., = X. ~ X . ) . Then we prune s t a t e j i f 
t h e r e e x i s t s a n o t h e r s t a t e , i , s u c h t h a t : 
T h i s c o n d i t i o n has a v e r b a l i n t e r p r e t a t i o n . I f t h e c o s t 
of a r r i v i n g a t s t a t e i added t o t h e c o s t o f t r a n s f o r m i n g 
from s t a t e i t o s t a t e j by r e t r i e v i n g t h e r e l a t i o n s i n P.... 
i s no g r e a t e r t h a n t h e c o s t a s s o c i a t e d w i t h s t a t e j , t h e n 
node j i s pruned. A m a t h e m a t i c a l p r o o f t h a t t h i s p r u n i n g 
a l g o r i t h m r e t a i n s an o p t i m a l p a t h i n t h e t r e e i s g i v e n by 
Casey i n [ C a s e y and Osman, A p r i l 19 7 4 ] . I n F i g u r e A4 t h e 
s t a t e s p r u n e d by t h e a l g o r i t h m a r e shaded. 
y j c ( P ) 
With t h e a i d of p r u n i n g i t h a s been p r a c t i c a l t o conduct 
e v a l u a t i o n e x p e r i m e n t s assuming hundreds of r e q u e s t s and 
10-15 r e l a t i o n s . On t h e o t h e r hand, t h e t e c h n i q u e h a s 
l i m i t a t i o n s and would b e n e f i t from f u r t h e r r e f i n e m e n t s . 
To i l l u s t r a t e , suppose t h a t i n a p a r t i c u l a r c a s e there, a r e 
20 r e l a t i o n s o f u n i t s i z e and one r e l a t i o n of s i z e 10 u n i t s , 
a l l s h a r i n g an a r e a o f s i z e 20 u n i t s . I I t he b u f f e r i s 
f u l l o f u n i t - s t o r a g e r e l a t i o n s , t h e n whenever t h e l a r g e 
r e l a t i o n i s r e q u e s t e d t h e r e a r e = -*-85,000 p o s s i b l e 
t r a n s i t i o n s t o new s t a t e s . F u r t h e r m o r e , t h e p r u n i n g r u l e 
w i l l not e l i m i n a t e any of t h e s e nodes. 
A t t e m p t s t o improve t h e a l g o r i t h m w i l l cent:-'3 on t h e use 
of f u t u r e r e f e r e n c e s t o prune t h e t r e e mure ;ieav.i.j.y. r i i i s 
would c o n c e i v a b l y r e s u l t i n a r u l e a n a l o g o u s t o t h a t embodied 
i n t h e OPT a l g o r i t h m , e x c e p t t h a t t h e time u n t i l a r e l a t i o n 
i s r e f e r e n c e d must be w e i g h t e d by i t s c o s t s and s i z e i n 
d e t e r m i n i n g whether i t s h o u l d be d i s c a r d e d . 
5. E x p e r i m e n t s 
5.1 M e a s u r e m e n t _ o f _ t h e _ R e l a t i o n _ P a r a m e t e r s 
An e x p e r i m e n t a l c o m p a r i s o n o f t h e page r e p l a c e m e n t a l g o r i t h m s 
was c o n d u c t e d u s i n g s i z e and c o s t p a r a m e t e r s of r e l a t i o n s 
from t h e g e o l o g i c a l d a t a b a s e . 
Some o f t h e r e c u r r i n g q u e r i e s were c o n v e r t e d i n t o 2 7 d e f i n e d 
r e l a t i o n s . The cpu time t o c r e a t e e a c h r e l a t i o n from i t s 
d e f i n i t i o n was measured. B e c a u s e t h e I S / 1 . 0 s y s t e m was cpu 
bound, t h e cpu time was a s u f f i c i e n t r e p r e s e n t a t i o n o f t he 
c o s t . The s i z e was measured by c o u n t i n g t h e number o f b l o c k s 
o c c u p i e d by t he e x p l i c i t r e l a t i o n . 
The most f r e q u e n t l y u s e d 11 r e l a t i o n s were i n c l u d e d i n t h e 
comparisons= The c h a r a c t e r i s t i c s o f t h e s e e l e v e n r e l a t i o n s 
a r e l i s t e d i n t h e f o l l c w i n c r t a b l e . 
PAGE 
( r e l a t i o n ) S I Z E 
1 12 31 
2 5 20 
3 3 8 
4 2 24 
5 6 4 
n 4 
7 1 2 
8 8 29 
9 30 50 
10 13 20 
11 i i 24 
C o s t and S i z e P a r a m e t e r s (11 
r e l a t i o n s ) . S i z e u n i t s a r e i n 
I k b b l o c k s . The c o s t i s s c a l e d 
from measurements o f cpu time 
r e q u i r e d t o c r e a t e t h e r e l a t i o n . 
I n a d d i t i o n , the s t a t i s t i c a l p r o p e r t i e s of t h e 2 7 d e f i n e d 
r e l a t i o n s were i n v e s t i g a t e d . No s i n g l e s t a n d a r d p r o b a b i l i t y 
c u r v e c l o s e l y matched t h e d i s t r i b u t i o n o f s i z e and cpu c o s t 
a s s o c i a t e d w i t h t h e s e r e l a t i o n s ; however, a normal d e n s i t y 
f u n c t i o n g i v e s more s a t i s f a c t o r y agreement t h a n a u n i f o r m o r 
skewed d i s t r i b u t i o n . 
I n t h e e a r l y v e r s i o n o f t h e I S / 1 . 0 s y s t e m s i m p l e i / o 
uo 
o p e r a t i o n s r e q u i r e d an e x c e s s i v e amount o f cpu a c t i v i t y , ' t h u s 
the c o r r e l a t i o n measured between s i z e and c o s t was r a t h e r 
h i g h e r t h a n one might e x p e c t i n a c o m m e r c i a l d a t a b a s e s y s t e m . 
Even so t h e c o r r e l a t i o n c o e f f i c i e n t was o n l y U.41. Another 
s e t of c o s t and s i z e p a r a m e t e r s was drawn from a d a t a b a s e 
c o n c e r n e d w i t h l a n d usage i n the G r e a t e r London C o u n c i l 
[ A l d r e d e t a l 1 9 7 4 ] . The c o r r e l a t i o n c o e f f i c i e n t o f s i z e 
and c o s t i s 0.35. F o r t h i s a p p l i c a t i o n , a l s o t h e s i z e and 
c o s t p a r a m e t e r s a r e n o t h e a v i l y c o r r e l a t e d . 
On t h e b a s i s o f t h i s e x a m i n a t i o n o f d a t a base c h a r a c t e r i s t i c s 
i t was d e c i d e d t o n e g l e c t c o r r e l a t i o n between s i z e and c o s t , 
and t o s i m u l a t e l a r g e r d a t a b a s e s u s i n g s i z e and c o s t p a r a -
m e t e r s drawn i n d e p e n d e n t l y from G a u s s i a n p o p u l a t i o n s h a v i n g 
the o b s e r v e d sample means .=>.nd s t a n d a r d d e v i a t i o n s . Conse-
q u e n t l y , p a r a m e t e r s were g e n e r a t e d f o r a 1 0 0 - r e l a t i o n 
c o l l e c t i o n , h a v i n g mean s i z e e q u a l t o 36 u n i t s w i t h a s t a n d a r d 
d e v i a t i o n o f 37.2, and a mean c o s t o f 120 w i t h an s . d . o f 
137.6. 
The t e s t s were a l s o r e p e a t e d w i t h i n d e p e n d e n t p a r a m e t e r s 
drawn from e x p o n e n t i a l , and from composite n o r m a l - e x p o n e n t i a l 
d i s t r i b u t i o n s , w i t h r e s u l t s s i m i l a r i n n a t u r e t o t h o s e t h a t 
f o l l o w . 
5.2 T h e _ G e n e r a t i o n _ o f _ R e f e r e n c e _ S t r i n g s 
I n o r d e r t o t e s t t h e a l g o r i t h m s , s t r i n g s of random r e f e r e n c e s 
(numbers) h a v i n g s e v e r a l l e n g t h s and a v a r i e t y o f p r o p e r t i e s were 
c o n s t r u c t e d . S i n c e t h e c h a r a c t e r i s t i c s o f t h e r e l a t i o n t h a t 
a f f e c t t h e p e r f o r m a n c e o f r e p l a c e m e n t a l g o r i t h m s a r e t h e s i z e , t h e 
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c r e a t i o n c o s t and the f r e q u e n c y o f r e f e r e n c e , s t r i n g s h a v i n g 
v a r i o u s l e v e l s of t h e s e p r o p e r t i e s were g e n e r a t e d . Because 
o f i t s s l o w e r p r o c e s s i n g speed t h e IDEAL a l g o r i t h m was r u n 
o n l y on t h e e l e v e n r e l a t i o n s e t and w i t h a s t r i n g of l e n g t h 
500. 
The r e f e r e n c e s t r i n g s were c r e a t e d a s f o l l o w s ; 
a) A r e f e r e n c e s t r i n g f o r the 1 1 - r e i a t i o n d a t a b a s e . 
The s t r i n g l e n g t h i s 500. 
i ) U n i f o r m d i s t r i b u t i o n s : e ach o f the e l e v e n 
r e l a t i o n s had t h e same p r o b a b i l i t y o f 
o c c u r r e n c e . 
i i ) Low c o s t 'weighting: t h e f o u r low c o s t pages 
occu'-'rec! t h r e e t i m ^ s as f r e q u e n t l y ^= 
r e m a i n i n g pages, 
i i i ) L a r g e s i z e w e i g h t i n g : t h e f o u r {oages w i t h 
t h e l a r g e s t s i z e o c c u r r e d t h r e e t i m e s as 
f r e q u e n t l y a s t h e r e m a i n i n g pages, 
i v ) High c o s t w e i g h t i n g : t h e c o n v e r s e o f ( i i ) * 
v) Low s i z e w e i g h t i n g : t h e c o n v e r s e o f ( i i i ) . 
b) A r e f e r e n c e s t r i n g f o r t h e 1 0 0 - r e l a t i o n d a t a b a s e . 
The s t r i n g l e n g t h i s 3000. 
v i ) Low c o s t w e i g h t i n g : t h e t w e l v e low c o s t 
pages were a s s i g n e d f i v e t i m e s t h e f r e q u e n c y 
o f t h e r e m a i n i n g p a g e s , 
v i i ) L a r g e s i z e w e i g h t i n g : t h e t w e l v e s m a l l 
pages were a s s i g n e d f i v e t i m e s t h e f r e q u e n c y 
o f t h e r e m a i n i n g p a g e s . 
v i i i ) High c o s t w e i g h t i n g : t h e c o n v e r s e o f ( v i ) . 
i x ) Low s i z e w e i g h t i n g : t h e c o n v e r s e o f ( v i i ) . 
I n t h e s e s t r i n g s , s u c c e s s i v e r e f e r e n c e s were s t a t i s t i c a l l y 
i n d e p e n d e n t , whereas i n a r e a l d a t a base o p e r a t i o n t h e 
sequence o f r e f e r e n c e s v/ould p r o b a b l y be c o r r e l a t e d . T h i s 
c o n d i t i o n would t e n d t o improve t h e p r o b a b i l i t y o f r e f e r e n c e 
Lo r e c e n t l y a c c e s s e d r e l a t i o n s and thus t h e r e p l a c e m e n t 
a l g o r i t h m s would p e r f o r m b e t t e r t h a n i n t h e s i m u l a t i o n 
e x p e r i m e n t s . The random r e f e r e n c e s e q u e n c e s employed h e r e 
may be c o n s i d e r e d a " w o r s t c a s e " s i t u a t i o n , u s e f u l f o r 
comparing t e c h n i q u e s . 
3 . 2.. 1 G e n e r a t i o n of w e i g h t e d s t r i n g s o f rcCtuGS'cs 
To ''je''ie?"^te e r e f e r e n c e s t r i n g r •-:, of le>j^th T- ^•JO'!" t"?*" '.-)-..=• 
r e l a t i o n s h a v i n g l a r g e s i z e s o c c u r 'a' t i m e s a s f r e q u e n t l y 
as t h e r e m a i n i n g r e l a t i o n s : 
The t o t a l number of r e l a t i o n s i s m. 
The t o t a l number o f l a r g e s i z e r e l a t i o n e i s n. 
L e t t h e l a r g e s i z e r e l a t i o n s be r e l a t i o n s number w^,w0, 
w- ,. . . and w . 
3' n 
1) j = o. 
2) j = j + 1 . I f j > L t h e n STOP. 
3) g e n e r a t e a random number, i , between 1 and m + ( a - i ) n . 
4) i f i > m go t o (6) . 
5) S j = i . go t o ( 2 ) . 
6) k = e n t i e r ( ( i - m ) / (a-1) ) . 
7) s . = w... 
j K + l 
r r r i +-rj ( 0 \ 
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5. 3 T l i e _ s i M u l a t i o n _ g r o g r a m 
The s i m u l a t i o n program works as f o l l o w s : 
i ) I n p u t t h e r e l a t i o n p a r a m e t e r s ( s i z e s and c r e a t i o n 
c o s t s ) , t h e c o s t o f a n s w e r i n g a query from e x p l i c i t 
form, t h e dynamic s t o r a g e s i z e s f o r w h i c h the 
e x p e r i m e n t i s r u n , t h e c o s t o f d e l e t i n g t h e 
e x p l i c i t form o f a r e l a t i o n and t h e r e f e r e n c e 
s t r i n g . 
FOR EACH STORAGE S I Z E REPEAT STEPS ( i i ) TO ( x i i i ) 
i i ) S e t t o t a l c o s t , t h e number o f s u c c e s s e s ( h i t s ) 
and the number o f r e l a t i o n swaps = o. S e t the 
r e f e r e n c e c o u n t s o f a l l t h e r e l a t i o n s = o, 
i i i ) P i c k a r e f e r e n c e from t h e s t r i n g , r e f e r e n c e t o 
r e l a t i o n I . 
i v ) Update t h e r e f e r e n c e count of r e l a t i o n I", 
v) I f r e l a t i o n I i s E X P L I C I T t h e n go t o ( x ) . 
v i ) Update t h e number o f page f a u l t s , 
v i i ) I f t h e a v a i l a b l e s t o r a g e > t h e s i z e o f I go t o 
( x i ) . 
v i i i ) U s i n g t h e r e p l a c e m e n t a l g o r i t h m e v a l u a t e t h e 
r e p l a c e m e n t c r i t e r i o n f o r a l l t h e e x p l i c i t 
r e l a t i o n s and choose t h e r e l a t i o n , k, h a v i n g 
t h e minimum v a l u e o f t h e c r i t e r i o n . 
' i x ) Add t h e s i z e o f r e l a t i o n k t o t h e s i z e o f t h e 
a v a i l a b l e s t o r a g e . 
S e t r e l a t i o n k i m p l i c i t . 
SO 
Update the number o f r e l a t i o n swaps. Update t h e 
t o t a l c o s t by the c o s t o f a d e l e t i o n . Go t o ( v i i ) . 
x) ( S a t i s f y t h e query from t h e e x p l i c i t form.) 
Update the t o t a l c o s t by t h e c o s t o f a c c e s s i n g an 
e x p l i c i t form. 
Update t h e number of s u c c e s s e s ( h i t s ) . Go t o ( x i i ) . 
x i ) C r e a t e R e l a t i o n I from i t s d e f i n i t i o n . 
Update t h e t o t a l c o s t by t h e c o s t of c r e a t i n g I . 
Update t h e a v a i l a b l e s t o r a g e s i z e by s u b t r a c t i n g 
the s i z e o f r e l a t i o n I . 
S e t r e l a t i o n I e x p l i c i t , 
x i i ) I f t h e l a s t r e f e r e n c e has been p r o c e s s e d go t o 
( x i i i ) e l s e go t o ( i i i ) . 
x i i i ) P r i n t t h e dvnamic s t o r a g e s i z e , the tofcrsl c o s t . 
t h e number o f s u c c e s s e s , t h e number o f page swaps 
and t h e number o f page f a u D t s . 
x i v ) STOP. 
5.4 T h e _ R e s u l t s 
F i g u r e 3.3 shows t h e per f o r m a n c e o f a l l a l g o r i t h m s a g a i n s t 
a u n i f o r m r e f e r e n c e s t r i n g o f l e n g t h 500. T h i s c u r v e and 
th e f a l l o w i n g ones i l l u s t r a t e t h e v a r i a t i o n i n p r o c e s s i n g 
c o s t as t h e amount o f dynamic s t o r a g e s p a c e i s i n c r e a s e d . 
E a c h c o s t c u r v e i s m o n o t o n i c a l l y d e c r e a s i n g s i n c e t h e 
f r e q u e n c y o f page f a u l t s l e s s e n s a s more r e l a t i o n s a r e 
m a i n t a i n e d e x p l i c i t l y . When t h e dynamic s t o r e i s l a r g e 
enough t o accommodate a l l t h e p a g e s , a l l a l g o r i t h m s p e r f o r m 
a s w e l l as t h e i d e a l . F i g u r e 3.4 shows t h e same r e s u l t s 
n o r m a l i z e d a g a i n s t t h e minimum c o s t c u r v e . The c o s t a x i s 
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now r e p r e s e n t s t h e c o s t r e l a t i v e t o t h e i d e a l . 
F i g u r e 3.4 i l l u s t r a t e s c l e a r l y t h e need t o c o n s i d e r s i z e and 
c o s t i n making page r e p l a c e m e n t s . The s t a n d a r d a l g o r i t h m s 
f o r u n i f o r m p a g e s , LRU and LFU, p e r f o r m e s s e n t i a l l y a t t he 
l e v e l of random r e p l a c e m e n t . They c o n t i n u o u s l y d i v e r g e from 
the i d e a l u n t i l t h e s t o r a g e s i z e i s l a r g e enough t o accommodate 
a l l t h e p a g e s , when t h e i r c u r v e s become d i s c o n t i n u o u s and 
drop s u d d e n l y t o t h e i d e a l p e r f o r m a n c e . The two p a r a m e t e r -
s e n s i t i v e methods, LECS and LEC, on t h e o t h e r hand, a c t u a l l y 
b e g i n t o approach i d e a l p e r f o r m a n c e a f t e r an i n i t i a l 
d i v e r g e n c e . 
1 ^ 1 r t ' l ^ O *^ £ r-'*> /~*Y.T n 4 • l - \ nr\ r« 4- <~n 1 — ~\T 'z, 4~ r-\ t ~ n r* 4- •? \-\ —t '~: ^ ~ 1 r\°.7 r > —\ r"7 4-X 1 M u J . > ^ *J m —t o i i V / V v a u i i < ^ v ^ w o L *~ v^* -A. V O i . v > j . v > o l A J i ^ v ^ . l J . »• «.• i-< 
w e i g h t i n g , t y p e (v -*) ,- and f i g u r e 3 .• G shows th.= c o ? t o f the 
a l g o r i t h m s r e l a t i v e t o t h e minimum a c h i e v a b l e c o s t . The 
v a r i a t i o n i n t h e c o s t o f r e p l a c e m e n t betweep the a l c o r i t h ^ s 
i s n o t l a r g e b e c a u s e t h e p e n a l t y o f a wrong c h o i c e has a 
low c o s t . 
I n f i g u r e s 3.7 and 3.8 a t l a r g e dynamic s t o r a g e s i z e s t h e 
LEC behaved b e t t e r t h a n the LECS. T h i s i s b e c a u s e : 
(1) t h e s i z e p a r a m e t e r became l e s s s i g n i f i c a n t . 
(2) t h e r e f e r e n c e s t r i n g i s v-oighted f o r h i g h c o s t , 
and (3) the LEC c o n c e r n s i t s e l f w i t h the c o s t o n l y . 
I n f i g u r e s 3.11 t h r o u g h t o 3.15 t h e a l g o r i t h m s a r e compared 
a g a i n s t an i d e a l i s e d a l g o r i t h m "The P r e f e r r e d S e t " w h i c h w i l l 
be e x p l a i n e d l a t e r . With a l o n g e r s t r i n g i n t h e s e c a s e s 
the p a r a m e t e r - s e n s i t i v e a l g o r i t h m s g i v e a c l e a r c u t r e d u c t i o n 
S2 
i n c o s t . The pe r f o r m a n c e o f ARB, LRU and LFU i s n e a r l y t h e 
same e x c e p t i n f i g u r e 3.13 where the h i g h c o s t p e n a l t i e s l e a d 
t o d i s t i n c t d i f f e r e n c e s i n t h e p e r f o r m a n c e o f the a l g o r i t h m s . 
E s s e n t i a l l y t h e same c o n c l u s i o n s a r e r e a c h e d . The i n c l u s i o n 
o f s i z e and c;Ost i n f o r m a t i o n i n t h e r e p l a c e m e n t s t r a t e g y 
r e s u l t s i n a c l e a r c u t advantage i n p e r f o r m a n c e . I n f a c t , 
a p a r t i c u l a r l y u n l u c k y s e t o f r e l a t i o n c h a r a c t e r i s t i c s can 
l e a d t o worse-than-random pe r f o r m a n c e by LFU o r LRU. T h i s 
o c c u r s i n c a s e ( v ) , f i g u r e s 3.9 and 3.10, b e c a u s e r e l a t i o n s 
r e q u i r i n g l a r g e s t o r a g e a r e a but h a v i n g low c o s t t e n d t o be 
m a i n t a i n e d i n t h e s t o r e , whereas t h e s t o r a g e s p a c e c o u l d 
b e t t e r be used t o h o l d h i g h - c o s t , s m a l l e r r e l a t i o n s , - i n s p i t e 
o f t h e l o w e r o c c u r r e n c e r a t e of t h e l a t t e r . 
5.5 Th_e_Succes s _ F u n c t iori 
I n f i g u r e s 3.14 and 3.15 the s u c c e s s f u n c t i o n [ M a t t s c n e t a l 
19 70] i s p l o t t e d a g a i n s t the dynamic s t o r a g e s i z e f o r a l l the 
above a l g o r i t h m s w i t h i n p u t r e f e r e n c e s t r i n g o f t y p e s ( v i ) 
and ( v i i i ) r e s p e c t i v e l y . The s u c c e s s f u n c t i o n i s t h e p r o -
p o r t i o n o f t i m e s a r e q u e s t e d page i s found i n t h e s t o r a g e 
( e x p l i c i t ) o v e r the t o t a l l e n g t h o f t h e s t r i n g , i . e . h i t r a t i o . 
I n f i g u r e 3.14, i f an a l g o r i t h m ( e . g . LFU) m a i n t a i n s the 
f r e q u e n t l y r e q u e s t e d , l e s s c o s t l y r e l a t i o n s , t h i s v / i l l l e a d 
t o a l a r g e r number o f s u c c e s s e s but t h e c o s t o f computing 
the l e s s f r e q u e n t , more e x p e n s i v e r e l a t i o n s may be h i g h enough 
to o f f s e t t h e g a i n from the s u c c e s s e s . Thus i n c o n t r a s t t o 
c o n v e n t i o n a l p a g i n g , a h i g h number of s u c c e s s e s i s n o t n e c e s -
s a r i l y a m e r i t f o r t h e a l g o r i t h m . 
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I-lcv/aver, i n f i g u r e 3.15 the high cost r e l a t i o n s are r e f e r e n c e d 
more fr e q u e n t l y . The LECS maintains the expensive r e l a t i o n s 
and hence i t gives a high h i t r a t i o . 
6• T h e P r e f e r r e d Set 
The experimental r e s u l t s obtained above c o n s i s t e n t l y favour 
the LECS algorithm over the other replacement techniques. 
However, they leave open the question: i s there a b e t t e r 
method- or does the LECS r u l e indeed y i e l d l e a s t cost among 
demand replacement s t r a t e g i e s ? 
T h i s question cannot be answered i n g e n e r a l , but there i s 
an answer to a r e l a t e d t h e o r e t i c a l question, and the r e s u l t 
f u r n i s h e s a d d i t i o n a l understanding of l.E-ZS ano :i t.-: 1:':.!!': i- ions 
The question i s formulated as f o l l o w s : 
Given a f i x e d amount of storage and a refeioinco s t n r . g , 
which r e l a t i o n s should be perr.ian'e'n11 y s t o r e d such thdt the 
cost of f u l f i l l i n g the requests over the given time i n t e r v a l 
i s minimum? 
Th i s question has been answered by Casey [Casey and Osman, 
to be published] and the r e s u l t i n g s e t of r e l a t i o n s i s known 
as "The P r e f e r r e d Set". The s o l u t i o n i s given i n Appendix 
5. 
T h i s algorithm does not guarantee an. optimal set f o r a l l 
storage s i z e s but i t s e r v e s as a u s e f u l bound on the cost 
reduction a c h i e v a b l e . 
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The p r e f e r r e d s e t c r i t e r i o n i s : 
i ) For each r e l a t i o n k form the r a t i o Z. = k" k 
K — - — 
"k 
(where U^C^ and are the usage count, the cost 
and the s i z e of r e l a t i o n k r e s p e c t i v e l y ) . -
i i ) Arranqe the Z, i n decreasing order and keep i n 
storage those t h a t have the h i g h e s t Z,. 
Thi s i s p r e c i s e l y the LECS technique. The LEGS does not 
knov/ the s t r i n g of requests beforehand. I t a l s o employs 
estimates f o r the frequency r a t h e r than true p r o b a b i l i t i e s . 
Thus the LECS method i s an approximation of the optimal 
technique f o r managing the dynamic storage i n response to 
randomly ( i . e . independent s u c c e s s i v e occurrences) o c c u r r i n g 
x'e f exences. 
For comparison purposes, the cost performance of the 
p r e f e r r e d s e t .is p.lotted along with the LECS and other 
algorithms i n f i g u r e s 3.11 through t o 3.15. 
7. Summary 
I t has been shown t h a t the task of automatic workspace 
management i n a r e l a t i o n a l data t-'.se environment i s a 
g e n e r a l i s a t i o n of the conventional problem of a s s i g n i n g space 
i n a given b u f f e r area among a s e t of data pages of f i x e d 
s i z e . The management o b j e c t i v e i s t o mininij.se the t o t a l 
c o st of page f a u l t s , where the cost of a f a u l t depends on 
the page i d e n t i t y . 
Experiments i n t h i s extended environment i n d i c a t e that 
replacement algorithms p r e v i o u s l y considered f o r uniform-
pages w i l l not perform adequately. In some test 1', the 
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well-known LRU and LFU algorithms give r e s u l t s about e q u i v a l e n t 
to random replacement. An appreciable reduction i n cost can 
be achieved by weighting the replacement t e s t c r i t e r i o n with 
the page cost and s i z e parameters i n an appropriate manner. 
A f u r t h e r j u s t i f i c a t i o n of the i n t u i t i v e l y d e r i ved LECS 
replacement c r i t e r i o n has been demonstrated i n the " p r e f e r r e d 
s e t " a n a l y s i s . The LECS c r i t e r i o n ranks the pages f o r 
replacement i n the same order as a system which i s s t o c k i n g 
a b u f f e r so as to minimize the expected cost of meeting the 
next data request. 
A r e l a t i o n a l data base i s the prime example of a system which 
r e a l i s e s these g e n e r a l i s e d assumptions of a paging model. 
However, i t i s worthy of note t h a t some operating systems, 
for example the Burroughs B5500 MCP [Burroughs .1966] have 
employed non-uniform p^-ge R3 7«?s anrl so thp r e s u l t s obta.iri«H 
here may possess wider a p p l i c a t i o n . In g e n e r a l , the problem 
of a l l o c a t i n g resources under storage type c o n s t r a i n t s occurs 
i n many forms i n a number of systems context. Thus the 
r e s u l t s obtained may be capable of wider a p p l i c a t i o n . 
T A r t 
Chapter 4 
FURTHER GENERAL ISATI ON OF THE RErLACIWENT ALGORITHMS 
Int r o d u c t i o n 
This chapter i s an extension to the previous chapter. The 
follow.i ng t o p i c s are d i s c u s s e d : 
(1) Chained dependency: 
The LEC and LEGS algorithms are extended to account for 
the case when r e l a t i o n s are defined on other defined 
r e l a t i o n s . 
(2) Rapidly changing usage p a t t e r n s : 
I f the usage p a t t e r n i s such that only ci s mall subset 
of r e l a t i o n s i s used over a period o l time and then 
suddenly another subset becomes a c t i v e and so on, then 
under such circumstances the frequency of r e f e r e n c e 
f o r each r e l a t i o n does not give s u f f i c i e n t i n d i c a t i o n 
of the p r o b a b i l i t y of t h a t r e l a t i o n being referenced 
i n the f u t u r e . The attempts to s o l v e t h i s problem 
are explained. 
(3) The p r i n c i p l e of defined r e l a t i o n s i s j u s t i f i e d on 
cost b a s i s . 
(4) A method for e s t i m a t i n g the p r o b a b i l i t y of a r e l a t i o n 
remaining i m p l i c i t . 
1. The Dependence among R e l a t i o n s 
Up to t h i s point we have assumed t h a t the c o s t of a c c e s s i n g 
a defined r e l a t i o n takes on one of two v a l u e s : a n e g l i g i b l e 
quantity i f the d e s i r e d r e l a t i o n i s a v a i l a b l e i n the dynamic 
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storage a r e a , or e l s e some p o s i t i v e q u a n t i t y i f i t must be 
r e c o n s t r u c t e d from base data. 
More g e n e r a l l y , however, a r e l a t i o n may be defined on. other 
defined r e l a t i o n s . The dependencies among r e l a t i o n s may 
be represented as a d i r e c t e d graph (Figure 4.1). Here 
r e c u r s i v e ( c i r c u l a r ) d e f i n i t i o n s are d i s a l l o w e d , i . e . there 
must be no c y c l e s i n the graph of dependencies. Base 
r e l a t i o n s need not be shown e x p l i c i t l y i n the graph, s i n c e 
they can be made a v a i l a b l e at n e g l i g i b l e c o s t . 
Consider now a r e l a t i o n X having the dependencies shown i n 
Figure 4.1. The cost of forming X i n response to a requcc 
i s contingent cn whether i t s subcomponents A and. 11 arc i n 
R x p l i n i t form. Let C v hp. the nost of c a l o i i l a l - i nq x from A ~ X 
and B, and l e t C^, C Q be the cost f o r c r e a t i n g A and B from 
bas 1? data. V?e may w r i t e the c o s t f u n c t i o n for X as? 
C(X) = 0 i f X i s e x p l i c i t 
- C v i f A and E are e x p l i c i t but X 
i s not 
= C v + C A i f B i s e x p l i c i t but A, X are 
not 
= C v + C D i f A i s e x p l i c i t but B, X are 
not 
= CX + CA + C B = T ^ i f n o n e o f A» B ' x a r e e x p l i c i t 
1.1 Generalisations_of_LEC_and_LECS 
Now l e t us extend the LEC and LECS algorithms to the case o 
such chains of denendence. The LEC c r i t e r i o n depends on th 
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DEPENDENCE HIERARCHY 
F i q u r e 4.1 
DEPENDENCIES AMONG II RELATIONS 
9 ( 5 0 , 3 0 ) ,10(29,13) I (31,12) 
3 ( 8 , 3 ) 8.(29,1) (24 .2 I I(24,7) 
6 (2.4) 2 ( 2 0 , 5 ) 5 ( 4 , 6 ) ^7(2.4) 
-*»b = a is dependent on b 
Le. a is defined on b 
5 ( 4 s t a n d s f o r 
1 a t i on no, ( c o s t , . s i z o . ) 
F i a u r e 4.2 
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p r o d u c t o f t h e number o f r e f e r e n c e s (usage c o u n t ) f o r a 
r e l a t i o n t i m e s i t s c o s t . We w i l l , t h e r e f o r e , e x t e n d t h e 
c o n c e p t s o f t h e usage c o u n t and t h e c o s t t o a c c o u n t f o r 
t h e s e d e p e n d e n c i e s . 
I n F i g u r e 4.1 r e l a t i o n X w i l l be r e q u e s t e d t o h e l p i n com-
p u t i n g r e l a t i o n D w h e n e v e r D i s r e q u e s t e d and f o u n d n o t 
e x p l i c i t . The usage c o u n t f o r r e l a t i o n X m u s t be e x t e n d e d 
t o c o v e r r e q u e s t s f o r X f o r t h e s o l e p u r p o s e o f c o m p u t i n g 
d e p e n d e n t r e l a t i o n s . 
T h u s , t h e e x p a n d e d usage c o u n t f o r r e l a t i o n X f r o m t i m e = 0 
t o t i m e = t , d e n o t e d F , i s d e f i n e d as t h e number o f t i m e s ' x ' 
X i s d i r e c t l y r e q u e s t e d , , p l u s t h e number o f t i m e s X i s 
r e q u e s t e d i n o r d e r t o a s s e m b l e one o f j.trr. depiSndOiit r c i a L i o i ' i G 
(C o r D) . 
t 
L e t us a l s o d e f i n e t h e o c c u o a n c v o f r e l a t i o n D ( f t . ) as t.hp. 
r a t i o o f t i m e s D i s i n t h e d y n a m i c a r e a t o t h e number o f 
r e q u e s t s f o r a l l t h e d e f i n e d r e l a t i o n s . I t w i l l be assumed 
t h a t t h e p r o b a b i l i t y o f a r e q u e s t f o r a r e l a t i o n i s i n d e p e n -
d e n t o f t h e p r e s e n c e o r a b s e n c e o f t h a t r e l a t i o n i n t h e 
d y n a m i c s t o r e . 
The p r o p o r t i o n o f t i m e s D i s n o t i n t h e d y n a m i c a r e a 
1 
The number o f t i m e s D i s r e q u e s t e d and f o u n d i m p l i c i t 
= u£ . ( i - e£) 
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Hence., F^ may be e x p r e s s e d a s : 
F x = U x + °D ' ( 1 " <£> + U c • ( 1 " ©c> 
T l i i s e x p r e s s i o n may be used as an LFU c r i t e r i o n w h i c h a c c o u n t s 
f o r d e p e n d e n c i e s ( I m p r o v e d L F U ) . 
The c o s t o f c o m p u t i n g X when i t i s i m p l i c i t depends on w h e t h e r 
A and B a r e e x p l i c i t o r i m p l i c i t . An e x p r e s s i o n f o r t h e c o s t 
can be f o u n d by m u l t i p l y i n g e a c h o f t h e f o u r p o s s i b l e v a l u e s 
l i s t e d a bove by i t s p r o b a b i l i t y . 
Hence, 
C(X) = CT(X) - C(A) - C ( 3 ) ] . P r (A,B) + [ T ( X ) - C ( B ) ] 
. Pr (A,B) + L'T(X) - C ( A ) j . F r (A,B) 1 T U ) . Pj.- (A,B) 
w i i e r e : 
P i (A,B) = 9* . (1 - e£) f P r (A,B} = (1 - 6*). 9* 
F r (A,B) = 0^ . 0g 
Pr (A,B) = (1 - ^ ) . (1 - e|) 
S i m i l a r l y , 
C(D) = T(D) . P r ( X ) + CT(D) - C ( X ) ] . P r ( X ) 
t 
T h e r e f o r e , f o r LEG we use t h e p r o d u c t F^ . C ( i ) , ( i = l , 2 , . . . , n ) , 
w h i c h r e d u c e s t o . i f t h e r e a r e no d e p e n d e n c i e s . 




a g a i n r e d u c e s t o IK . f o r t h e case o f no d e p e n d e n c i e s . 
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1.2 E x p e r i m e n t s 
1.2.1 The S i m u l a t i o n E x p e r i m e n t s 
D e p e n d e n c i e s have been assumed t o e x i s t among t h e p r e v i o u s l y 
m e n t i o n e d 11 r e l a t i o n s i n t h e manner shown i n F i y u r e 4.2. 
S i m u l a t i o n e x p e r i m e n t s have been c o n d u c t e d as d e s c r i b e d i n 
C h a p t e r 3. I n o r d e r t o e v a l u a t e t h e c o s t o f c r e a t i n g a 
r e l a t i o n R t h e l i s t o f r e l a t i o n s w h i c h d e f i n e R i s e x a m i n e d . 
A r e c u r s i v e p r o c e d u r e f i n d s w h i c h o f t h e d e f i n i n g r e l a t i o n s 
i s e x p l i c i t and a c c o r d i n g l y i t e v a l u a t e s C ( H ) . 
The r e d u c t i o n i n c o s t due t o t h e p r e s e n c e o f t h e r e l a t i o n s 
d e f i n i n g r e l a t i o n I i n t h e i r e x p l i c i t f o r m i s e v a l u a t e d as 
f o l l o w s : 
i n t e g e r p r o c e d u r e r ( i ) ; comment r e c u r s i v e ; 
i n t e g e r i , j , k , i t , h ; 
comment: i i s t h e r e l a t i o n f o r w h i c h t h e c o s t r e d u c t i o n 
due t o e x p l i c i t - d e f i n i n g r e l a t i o n s i s t o 
be c a l c u l a t e d . 
T ( k ) i s t h e c r e a t i o n c o s t o f r e l a t i o n k. I t i s 
t h e r e d u c t i o n due t o e x p l i c i t d e f i n i n g 
r e l a t i o n s . 
d e p ( i ) i s a g l o b a l a r r a y o f t h e number o f r e l a t i o n s 
on w h i c h i i s d e p e n d e n t , 
t h 
d ( i 7 h ) i s t h e h r e l a t i o n on w h i c h i i s d e p e n d e n t ; 
i f d e p ( i ) = 0 t h e n r : = 0 ; 
i t : = 0 ; 
f o r h := 1 s t e p 1 u n t i l d e p ( i ) do; 
b e g i n 
k:= d ( i , h ) ; 
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i f s t a t u s ( k ) = ' e x p l i c i t ' t h e n i t : = i t + T ( k ) ; 
e l s e i t : = i t + r ( k ) ; 
e n d ; 
r : = i t ; 
e n d ; 
A t any i n s t a n t o f t i m e v/hen a r e l a t i o n i s r e f e r e n c e s , t h e 
o c c u p a n c y f o r e a c h r e l a t i o n t h a t happen t o be e x p l i c i t i s 
u p d a t e d by one. 
When t h e LEC o r LF.CS c r i t e r i o n i s a p p l i e d , a r e c u r s i v e 
p r o c e d u r e e v a l u a t e s t h e e x p e c t e d c o s t o f e a c h r e l a t i o n u s i n g 
t h e e x p r e s s i o n f o r t h e e x p e c t e d c o s t . 
S i m i l a r l y , t h e I d e a l r e p l a c e m e n t a l g o r i t h m was a d j u s t e d t o 
a c c o u n t f o r d e p e n d e n c i e s . 
1.2.1 The r e s u l t s 
The s t r i n g o f t y p e ( i ) ( C h a p t e r 3) was u s e d t o i n v e s t i g a t e 
t h e e f f e c t o f dependency on t h e b e h a v i o u r o f a l g o r i t h m s . 
T h i s i s i l l u s t r a t e d i n F i g u r e 4.3. 
C o m p a r i n g w i t h F i g u r e 3.3 t h e c o s t nas d r o p p e d f o r a l l a l g o r i t h m s 
due t o t h e r e d u c t i o n c a u s e d by t h e d e p e n d e n c i e s . The LRU 
and LFU a l g o r i t h m s do n o t t a k e i n t o a c c o u n t t h e e f f e c t o f t h e 
d e p e n d e n c i e s , t h u s t h e i r c o s t o f r e p l a c e m e n t i s r e l a t i v e l y 
h i g h . The LECS i s n e a r enough t o t h e i d e a l . I n f a c t t h e 
s i z e p a r a m e t e r i s v e r y i m p o r t a n t i n t h e case o f d e p e n d e n c i e s 
b e c a u s e t h e c o s t p a r a m e t e r i s g e n e r a l l y r e d u c e d . E.g. when 
t h e d y n a m i c s t o r e s i z e s a r e 80 and 90 u n i t s t h e i d e a l r e p l a c e -
ment s t r a t e g y , f o u n d by i n s p e c t i o n , i s t o m a i n t a i n a l l t h e 
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r e l a t i o n s e x p l i c i t e x c e p t f o r r e l a t i o n s 9 and 1 w h i c h a r e t o 
be swapped i n t h e d y n a m i c s t o r a g e . T h i s i s b e c a u s e t h e i r 
c o s t , when o t h e r r e l a t i o n s a r e i n t h e d y n a m i c s t o r a g e , i s 
s m a l l and t h e i r s i z e i s l a r g e a n d no o t h e r r e l a t i o n depends 
on t h e m . I t i s i n t e r e s t i n g \.o n o t e t h a t t h i s i s t h e e x a c t 
s t r a t e g y f o l l o w e d by LECS a f t e r t h e i n i t i a l f l u c t u a t i o n s . 
T h i s i s b e c a u s e i t t a k e s t h e s i z e i n t o c o n s i d e r a t i o n a l o n g 
w i t h t h e o t h e r p a r a m e t e r s . 
The r e l a t i v e c o s t f o r F i g u r e 4.3 i s p l o t t e d a g a i n s t d y n a m i c 
s t o r a g e s i z e i n F i g u r e 4.4. C o m p a r i n g w i t h F i g u r e 3.4 a l l 
t h e a l g o r i t h m s c o n v e r g e t o w a r d s t h e i d e a l b e h a v i o u r a t l a r g e r 
d y n a m i c s t o r a g e s i z - . o . T h e r e i s no a b r u p t f a l l t o w a r d s t h e 
i d e a l as i n F i g u r e J.4. T h i s may be due t o t h e f a c t t h a t 
some o f t h e l a r g e r r e l a t i o n s t h a t f o r m e r l y u s e d up s t o r a g e 
space have now r e l a t i v e l y s m a l l e r c o s t a n d so t h e p e n a l t y f o r 
k e e p i n g t h e m i m p l i c i t i s r e d u c e d . 
D e p e n d a n c i e s w e r e a l s o assumed t o e x i s t among 50 o f t h e 100 
r e l a t i o n s o f C h a p t e r 3. Seven g r o u p s o f d e p e n d e n t r e l a t i o n s 
w e r e f o r m e d . The r e f e r e n c e s t r i n g s o f t y p e s ( v i i ) a n d ( v i i i ) 
w e re r u n a g a i n s t t h e 100 r e l a t i o n s . The c o s t c u r v e s a r e 
shov/n i n F i g u r e 4.5 and 4.6 r e s p e c t i v e l y . 
I n F i g u r e 4.3 t h r o u g h t o 4.6 t h e s i g n i f i c a n t i m p r o v e m e n t s o f 
t h e " I m p r o v e d LFU" o v e r t h e "LFU" r e f l e c t s t h e v a l i d i t y o f 
t h e m o d e l a d o p t e d f o r e s t i m a t i n g t h e f r e q u e n c y o f d e p e n d e n t 
r e l a t i o n s . 
The c u r v e s a l s o show t h a t t h e LEC does n o t g i v e s i g n i f i c a n t 
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i m p r o v e m e n t o v e r t h e " I m p r o v e d LFU" b e c a u s e w i t h d e p e n d e n c i e s 
t h e i n f l u e n c e o f t h e c o s t p a r a m e t e r i s r e d u c e d . 
1.3 C o n c l u s i o n 
The LECS m e t h o d c a n be e x t e n d e d t o t h e case o f d a t a t h a t i s 
d e f i n e d on base d a t a t h r o u g h a sequence o f o p e r a t i o n s t e p s , 
and w h ere t h e r e s u l t s o f t h e s e s t e p s may t h e m s e l v e s be a v a i l -
a b l e i n t h e s y s t e m a t a g i v e n t i m e . 
The e x p e r i m e n t s have shown t h a t t h e e x t e n d e d LECS a l g o r i t h m i s 
s t i l l t h e b e s t o f t h o s e d e s c r i b e d so f a r w h i c h a c c o u n t s b o t h 
f o r t h e r e l a t i o n a l d e p e n d e n c i e s and f o r t h e t i m e - v a r y i n g 
c o n t e n t s o f t h e d y n a m i c s t o r e . 
2. R a p i d l y c h a n g i n g r e f e r e n c e p a t t e r n s 
The p r e s e n t LECS a l g o r i t h m w e i g h s r e f e r e n c e s t o a r e l a t i o n 
e q u a l l y r e g a r d l e s s o f t h e p o i n t i n t i m e a t w h i c h t h e r e f e r e n c e s 
t o o k p l a c e . T h i s may n o t g i v e a s a t i s f a c t o r y p r e d i c t i o n o f 
Lhe c o m i n g r e q u e s t s i n a h e a v i l y u s e d d a t a base w i t h a r a p i d l y 
c h a n g i n g r e f e r e n c e p a t t e r n . 
H e r e , i t i s s o u g h t t o e x t e n d t h e LECS t o a c c o u n t f o r s t r i n g s 
o f r e q u e s t s h a v i n g a r a p i d l y c h a n g i n g p a t t e r n . F o r t h i s 
p u r p o s e a s t r i n g o f r e q u e s t s was g e n e r a t e d and i t was r u n 
a g a i n s t t h e t h r e e s i m u l a t i o n m o d e l s . The r e s u l t s a r e r e p o r t e d 
b e l o w ; 
2•1 G e ^ e r ^ t i ^ n _ o f _ r e ^ e r e n c e _ s ^ r ^ n ^ s 
I n t h e s e s t r i n g s a s u b s e t o f t h e d e f i n e d r e l a t i o n s i s r e f e r e n c e d 
f o r a p e r i o d o f t i m e , t h e n a b r u p t l y a n o t h e r s u b s e t i s r e f e r e n c e d 
a n d so o n . 
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S t r i n g s o f 600 r e q u e s t s f o r 20 r e l a t i o n s were g e n e r a t e d . • 
Each s t r i n g r e p r e s e n t e d one o f t h e c o m b i n a t i o n s o f t h e p e r i o d 
l e n g t h and t h e number o f r e l a t i o n s i n a s u b s e t ( w o r k i n g s e t 
s i z e ) . 
G i v e n a p e r i o d o f P r e f e r e n c e s a n d a w o r k i n g s e t s i z e o f w 
r e l a t i o n s , t h e r e f e r e n c e s a r e g e n e r a t e d as f o l l o w s ; 
i ) p i c k w r e l a t i o n s at. random f r o m line 20 r e l a t i o n s , 
i i ) g e n e r a t e a random r e f e r e n c e t o one o f t h e w r e l a t i o n s . 
R e p e a t t h i s P t i m e s , 
i i i ) i f t h e number o f r e f e r e n c e s g e n e r a t e d i s l e s s t h a n t h e 
r e q u i r e d l e n g t h , go t o ( i ) . 
2.2 l ,i}e_Mcde I s 
These m o d e l s a d o p t d i f f e r e n t ways o f w e i g h i n g t h e f r e q u e n c y 
t e r m o f t h e LECS c r i t e r i o n . 
The c o s t o f r u n n i n g a s t r i n g o f r e q u e s t s a g a i n s t a m o d e l was 
e s t i m a t e d b y f i n d i n g t h e a r e a u n d e r t h e c o s t c u r v e , i . e . t h e 
c o s t i s p r o p o r t i o n a l t o t h e p r o d u c t o f t h e p r o c e s s i n g t i m e a n d 
t h e s i z e o f t h e s t o r a g e s p a c e . U s i n g t h e f a m i l i a r t r a p e z o i d a l 
rul<=!, t h e t o t a l c o s t o f r u n n i n g t h e s t r i n g i s c a l c u l a t e d f r o m 
t h e c o s t s o f r u n n i n g t h e s t r i n g a t 12 s t o r a g e s i z e s . 
i . e . t h e c o s t due t o an a l g o r i t h m 
C l + C 1 2 
= h ( 2 + c 2 + c 3 + ... + c 1 ± ) 
c + c 
°C i i?. + p + c + C •*• + C 
2 u 2 3 4 ' ""* 1 1 
w h e r e C\ i s t h e c o s t o f r u n n i n g t h e s t r i n g o f r e q u e s t s 
a g a i n s t t h e m o d e l f o r t h e i * " * 1 s t o r a g e s i z e , 
h i s t h e f i x e d i n t e r v a l b e t w e e n t w o s t o r a g e s i z e s . 123 
One p o s s i b l e m o d e l f o r w e i g h t i n q r e f e r e n c e s a t d i f f e r e n t t i m e s 
i s as f o l l o w s : 
F o r r e l a t i o n i u p d a t e f ^ p p r i o d i c a l l y a t t h e end o f t h e p t h 
p e r i o d by t h e w e i g h t e d number o f r e f e r e n c e s o c c u r r i n g d u r i n g 
t h a t p e r i o d . 
f 1 = a =. f 1 T + ( 1 - <* ) u 1 -, f J " = o 0 < a < 1 P P~l P'-UP o 
w h e r e 
a = t h e a t t e n u a t i o n c o e f f i c i e n t f o r w e i g h t i n g 
p a s t r e f e r e n c e s 
i t h u_ , = t h e number o f r e f e r e n c e s w i t h i n t h e p P-J-.-P 
p e r i o d . 
f _, = t o t a l number o f w e i g h t e d r e f e r e n c e s u n t i l P 
t h e p-1 p e r i o d 
The p a r a m e t e r s a and t h e l e n g t h o f t h e p e r i o d have t o be 
e s t i m a t e d . The c h o i c e o f a and a p e r i o d l e n g t h t o s u i t 
d i f f e r e n t p a t t e r n s i s d i f f i c u l t . M o r e o v e r , t h e r e i s u s u a l l y 
a phase s h i f t b e t w e e n t h e p e r i o d o f p a t t e r n change o f t h e 
s t r i n g a nd t h e p e r i o d i n t h e m o d e l . 
Each g e n e r a t e d s t r i n g o f r e q u e s t s was r u n a g c . i n s t t h e above 
m o d e l u s i n g a r a n g e o f p e r i o d s . F o r e a c h p e r i o d a was v a r i e d 
b e t w e e n 0.01 and 0.99. The v a l u e s o f a and t h e p e r i o d t h a t 
g i v e t h e minimum c o s t a r e k e p t . 
An a t t e m p t was made t o f i n d some r e l a t i o n b e t w e e n a a n d c o p t 
t h e p a r a m e t e r s o f t h e s t r i n g , so t h a t g i v e n a c e r t a i n s t r i n g 
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t h e v a l u e o f a , c o u l d have been e v a l u a t e d ; h o w e v e r , ho 
o p t 
c o r r e l a t i o n was d i s c o v e r e d . 
I f t h i s m o d e l i s u s e d , s u i t a b l e f i x e d v a l u e s f o r « and t h e 
p e r i o d s h o u l d be s p e c i f i e d . T h e r e f o r e , t h i s model i s n o t 
s u i t a b l e f o r t h e a u t o m a t i c h a n d l i n g o f r a p i d l y c h a n g i n g 
p a t t e r n s . 
2.2.2. 
The s e c o n d m o d e l i s as f o l l o w s ; 
A t t i m e t u p d a t e t h e usage c o u n t o f r e l a t i o n i as f o l l o w s : 
= U^" 1 + t 1 1 
T h i s g i v e s more w e i g h t t o t h e r e c e n t r e f e r e n c e s . 
T h i s s i m p l e m o d e l p r o v e d t o be s a t i s f a c t o r y i n a l m o s t a l l t h e 
c a s e s . 
I n F i g u r e 4.7 t h i s m o d e l i s c a l l e d I m p r o v e d LILCS . The 
s t r i n g u s e d i n t h e e x p e r i m e n t h as a w o r k i n g s o t s i z e o f 10 
r e l a t i o n s and a p e r i o d o f 60 r e f e r e n c e s . I n t h i s e x p e r i m e n t 
and o t h e r s t h e p e r f o r m a n c e o f t h e LRU i s i m p r o v e d when t h e 
r e f e r e n c e p a t t e r n changes r a p i d l y . 
T h i s m o d e l s u i t s t h e s t r i n g s o f r a p i d l y c h a n g i n g p a t t e r n s . 
I t i s a l s o s i m p l e t o i m p l e m e n t . 
However, i t i s e n v i s a g e d t h a t i f t h e s t r i n g s o f r e q u e s t s a r e 
v e r y l o n g ( e . g . 1,000,000) and t h e c o u n t s have n o t been r e s e t , 
t h e m o d e l w i l l n o t be c a p a b l e o f g i v i n g r e l i a b l e w e i g h t i n g s , 
e.g. i f t w o r e l a t i o n s a r e r e f e r e n c e d a t t i m e s t- , a nd t , w h i c h 
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a r e x r e f e r e n c e s a p a r t , t h e w e i g h t s added due t o t ^ and 
w i l l p r a c t i c a l l y be e q u a l when t ^ a nd t„ a r e v e r y l a r g e . 
I n s u c h a case t h e c o u n t s and t h e t i m e i n d i c a t o r have t o be 
s c a l e d down, i„e, when r e l a t i o n j i s r e f e r e n c e d a t t i m e t : 
i f t = T w h e r e T i s a l a r g e number 
i „ i i = l , 2 , . . . , r 
| U t = " U t - 1 
t h e n / t = 1 
u j = u j + t 
e l s e i f t < T t h e n \i? =1.1? , + t t t - 1 
A g a i n t h e c h o i c e o f « and T i s a p r o b l e m as i n 2 . 2 . 1 . 
However, f o r a l a r g e T t h e m e t h o d becomes l e s s s e n s i t i v e t o 
t h e v a l u e c h o s e n f o r a . 
2 . 2 -. 3 The maximum l i k e l i h o o d m e t h o d 
The r e f e r e n c e s t o e a c h r e l a t i o n r e s e m b l e a t i m e v a r y i n g L s e r i e 
o f e v e n t s . The change i n t h e r a t e o f r e f e r e n c e i s u s e d i n 
t h e r e p l a c e m e n t c r i t e r i o n so t h a t t h e r e l a t i o n whose usage i s 
e x p e c t e d t o i n c r e a s e i s g i v e n more chance t o r e m a i n e x p l i c i t . 
The m o d e l g i v e n by [ C o x and Lev/is 1 9 6 6 ] was a d o p t e d a f t e r 
m i n o r a d a p t a t i o n . The maximum l i k e l i h o o d e s t i m a t e f o r 
r e l a t i o n r , d e s i g n a t e d G r s a t i s f i e 
Y ( G r ) = ! | r - ! ^ r + s t 
r , r ' 1-e 
wh e r e Y ( G r ) i s t h e d e r i v a t i v e o f t h e e x p r e s s i o n f o r t h e 
l i k e l i h o o d e s t i m a t e w . r . t G . 
r 
n i s the number of references t o r e l a t i o n r r 
excluding the l a s t reference, 
Tt. i s the SUP. of reference t i n e s i . , r 
.excluding the l a s t . 
t i s the time of the l a s t reference. o,r 
The above equation i s solved numerically f o r G^ . Using 
Newton's method the s o l u t i o n r e q u i r e d an average of 17 
i t e r a t i o n s at the f i r s t instance and subsequently; using 
previous r e s u l t s as approximations, only about 8 i t e r a t i o n s 
are s u f f i c i e n t t o f i n d the r o o t w i t h i n a reasonable tolerance. 
Each i t e r a t i o n r e q u i r e s two e v a l u a t i o n s : one f o r one aboVi= 
equation and the other f o r the equation of i t s d e r i v a t i v e . 
Whenever r e l a t i o n r i s referenced at time L: 
t = t o,r 
t . = u f c i ,r r 
t t , u = u + t r r 
n = f r r 
f = f + 1 where f i s the reference count r r r 
I n order t o choose an e x p l i c i t r e l a t i o n t o be d e l e t e d , the 
above equation has t o be solved f o r each e x p l i c i t r e l a t i o n i n 
the above described manner. 
The r e s u l t s are comparable w i t h those of 2.2.2 when the s t r i n g 
of requests has one p a t t e r n of references. As the changes 
become r a p i d i t s performance gets worse because the number of 
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references w i t h i n each p a t t e r n i s too small t o give a good 
p r e d i c t i o n . As t h i s model i s time consuming i t i s not 
recommended i n i t s present form f o r t h i s s i t u a t i o n . 
3. 
The j u s t i f i c a t i o n f o r the use of defined r e l a t i o n s on a cost 
basis i s a t y p i c a l case of the disk space versus cpu time 
paradox. Here, tv/o approaches are discussed: 
(1) the s p e c i a l case of the g e o l o g i c a l data base, 
(2) the optimum size of dynamic area (work space). 
Consider the r o i l o w i n g s t a t i s t i c s : 
i ) cost o f answering 27 queries from base 
r e l a t i o n s (IBM 360/44 cpu t.i?n*3) 2162 sec 
overhead of answering a query from an 
e x p l i c i t r e l a t i o n (cost of access 
t o an e x p l i c i t form) 2 sec 
size of disk storage t o hold a l l the 
27 e x p l i c i t r e l a t i o n s : 150 blocks 
each of size 520 bytes 78 kb 
i i ) i f a l l the r e l a t i o n s are e x p l i c i t and 
each r e l a t i o n i s reference only 
once over a p e r i o d of 1 month, then: 
the gain i n cpu time i s 2108 sec 
dis k space overhead, i s 78 kb-month 
I t i s evident t h a t a high gain i s achieved by t r a d i n g o f f 
11 t r a c k s of IBM 2314 f o r 35 min. cpu time of the IBM 360/44. 
Therefore, i t i s f a i r t o conclude t h a t f o r cpu bound systems 
such as the IS/1.0, defined r e l a t i o n s improve the performance. 
3. 2 The_optimurn_size_of_the_dync,mio_area 
Here, the optimum disk space t o be a l l o c a t e d f o r defined 
r e l a t i o n s i s estimated. The estimate i s based on the 
observations of the response time and the c h a r a c t e r i s t i c s 
of the r e l a t i o n s . An expression f o r the optimum disk 
space t o be a l l o c a t e d i s presented. On the s u b s t i t u t i o n 
of the charging rates of the p a r t i c u l a r i n s t a l l a t i o n , ths 
optimum disk space i s obtained and hence the r e t e n t i o n o f 
the c u r r e n t l y a l l o c a t e d disk space can be j u s t i f i e d or 
u n j u s t i f i e d . 
CPU 
Time 
X I r So 
Disk storage size 
(Dynamic area) 
Consider one of the LECS cost curves of Chapter 3. For 
each curve the cost decays e x p o n e n t i a l l y t i l l the storage 
space becomes large enough t o accommodate a l l e x p l i c i t 
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r e l a t i o n s (S = S ) . o 
Let the time of running a s t r i n g of queries be 
m , -bs T = r + ae 
where: a i s the cpu time t o s a t i s f y a l l queries from 
r i s the cpu time t o create a l l the d e f i n e d 
r e l a t i o n s f o r che f i r s t time. 
b i s a constant dependent on the replacement 
a l g o r i t h m , the c h a r a c t e r i s t i c s of the 
r e l a t i o n s and the s t r i n g of requests. 
c-^  i s the cost of one time u n i t (cpu time u n i t ) 
or elapsed time u n i t depending on which 
time i s used t o estimate the coat)= 
C2 i s the r e t e n t i o n cost of a u n i t o f d i s k 
space f o r the given p e r i o d of time. 
[e.g. The 12 observations o f the LEGS curve i n f i g u r e 3.1 
were f i t t e d t o the above equation w i t h a Chi" squared of 
i * e . they f i t w i t h a p r o b a b i l i t y of 0.995.] 
From the above f i g u r e : 
I t i s r e q u i r e d t o minimise the cost f u n c t i o n 
s.c^ + T.c 1 
s u b s t i t u t i n g f o r T 
base r e l a t i o n s over a aiven -period of time. 
s.c» + c n r + -bs o< S < s 0 c, ae 
which gives 
s . opt log 
For example: 
Assuming the s t r i n g of requests o f the g e o l o g i c a l data ba 
is- represented by Figure 3.13, f o r which b ^  0.009. 
The IBM 360/44 system i n s t a l l e d at Peterlee does not charge 
f o r the use of i t s f a c i l i t i e s . I n other places where t h i s 
machine i s i n s t a l l e d , a f l a t hourly r a t e i s employed. The 
NUMAC system s e r v i c i n g Newcastle and Durham u n i v e r s i t i e s has 
an IBM 360/6 7 run under the Michigan Terminal System (MTS). 
The I'jTS has charging rates s p e c i f i e d f o r a i l the system 
components [MTS Uoerc. Manual 1971]. These rates were 
scaled down t o s u i t the IBM 360/44, 
cpu time Di_sii_spac£! 2 3_1_4 
MTS .01667 units/sec 0.0000175 u n i t s / k b - h r 
360/44 .00417 " " same 
For the above-mentioned 2 7 r e l a t i o n s (S =7Skb). over a time 
o 
pe r i o d of 10 weeks the optimum disk space i s about 56kb. 
4. 
Here we want t o estimate the p r o b a b i l i t y (x) of a defined 
r e l a t i o n remaining e x p l i c i t . 
The dynamic storage i s managed by a replacement a l g o r i t h m , 
e.g. LECS. The values of the replacement c r i t e r i o n of any 
paged-out r e l a t i o n are recorded, e.g. the values of G are 
, , , „ reference count • cost ~ . , recorded where G = : . Over a pe r i o d size 
of t ime, knov/ing the number of r e l a t i o n s paged out under the 
same dynamic storage s i z e , i t i s possible t o estimate the 
p r o b a b i l i t y of a r e l a t i o n remaining e x p l i c i t . 
The f o l l o w i n g t a b l e e x p l ains the method of recording the 
values of G and the e v a l u a t i o n of x at a given i n s t a n t of tims 
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Number of 




r e l a t i o n s 
paged out 
P r o b a b i l i t y 
of remaining 
i m p l i c i t 
P r o b a b i 1 i t y 
of remaining 
e x p l i c i t 
X 
G>100 1 1 0.05 0.95 
10<G<100 0 1 0.05 0.95 
1<G<10 8 9 0.45 0. 55 
0.5<G<1 10 19 0.95 0.05 
0. i<G<0. 5 r\ 19 0.95 0.05 
I 20 1.00 0.00 
Now, i f G can be estimated f o r a r e l a t i o n , i t v / i l l be possible 
t o p r e d i c t i t s chances of s u r v i v a l i n the dynamic: storage. 
I n Figure 4.8, the p r o b a b i l i t y , x, i s p l o t t e d against thc=> vnli.i.e 
of the c r i t e r i o n G at various storage s i z e s . The storage 
sizes are expressed as a f r a c t i o n of the t o t a l storage (S) 
r e q u i r e d t o hold a l l the defined r e l a t i o n s e x p l i c i t . The 
p r o b a b i l i t i e s are i n f l u e n c e d by the replacement a l g o r i t h m used 
and the t y p j of reference s t r i n g . 
I n Figure 4.8 a s t r i n g of type ( v i i ) (Chapter 3) i s run under 
the LECS a l g o r i t h m . This set o f curves also gives the e x t r a 
disk space t o be added i f a r e l a t i o n of a given G i s r e q u i r e d 
t o remain permanently e x p l i c i t . For example, at a c e r t a i n 
i n s t a n t of time when S=0.3, a r e l a t i o n whose G i s 40 has a 
p r o b a b i l i t y of s u r v i v a l , x, of 0.64. I f x i s r e q u i r e d t o be 
greater than 0.8, then S has t o be about 0.525. Therefore, 
enough disk space should be added i n order t o increase S from 
0.3 t o 0.525. 
1 -» M 
Chapter 5 
THE SPLITTING OF RELATIONS IN ACCORDANCE 
WITH THE USAGE PATTERN 
I n t r o d u c t i o n 
I n a data base whose r e l a t i o n s have a large number of domains 
or a large number of t u p l e s , queries may only r e q u i r e a subset 
of the whole r e l a t i o n . The d i s t r i b u t i o n p a t t e r n of references 
t o the domains i s u s u a l l y nonuniform emd t h e r e f o r e i t i s more 
e f f i c i e n t t o separate the p a r t s which are f r e q u e n t l y referenced 
from those v/hich are only o c c a s i o n a l l y referenced. This i s 
conceptually s i m i l a r t o a well-known method i n data processing 
where records are kept i n two separate f i l e s : one f o r the 
moving h i t group ( e g . moving customer's f i l e ) and the ether 
f o r the records which are not referenced d u r i n g a c^ r t ^ - " 1 " 
p e r i o d of time (e.g. dead customer's f i l e ) . He are, the case 
i s more complex because we consider v a r y i n g frequencies of 
reference f o r d i f f e r e n t groups of f i e l d s or records. 
The p o s s i b l e ways i n which a r e l a t i o n may be s p l i t are as 
f o l l o w s : 
A. Domainv/ise s p l i t 
This method i s s u i t a b l e f o r r e l a t i o n s having a large degree 
(e.g. r e l a t i o n Optics o f degree 15 and r e l a t i o n s Use and 
Property i n the GLC data base whose degrees are 13 and 42 
re s p e c t i v e l y ) .. The domains t h a t are f r e q u e n t l y requested 
together are kept i n one p o r t i o n . The s p l i t t i n g can take 
place at one of the f o l l o w i n g l e v e l s : 
-L *J ~J 
I Physical storage l e v e l 
T r a d i t i o n a l l y data base f i l e s are stored record by record. 
I n t h i s type of s p l i t t i n g the f i l e ( r e l a t i o n ) i s p a r t i -
t i o n e d when the data base i s reorganised. Each p a r t i t i o n 
holds the f i e l d s (domains) which are requested by one 
query. The records (tuples) are l i n k e d by p o i n t e r s or 
by p o s i t i o n . I n the extreme case of p a r t i t i o n i n g s i n g l e 
f i e l d s (domains) are stored s e p a r a t e l y , i n which case the 
f i l e ( r e l a t i o n ) i s stored f i e l d (domain) by f i e l d , i . e . 
the records are completely transposed. An example of 
t h i s extreme case i s the ROBOT system (Record Organisation 
Based On Transposition) [Burns 19 72], 
I I L o g i c a l l e v e l (the s p l i t t i n g of re I a t ionsj^ 
I n t h i s type of p a r t i t i o n i n g the r e l a t i o n i s broken i n t o 
a smaller number of r e l a t i o n s (obtained by p r o j e c t i o n s 
i n c l u d i n g the key domain) i n such a way t h a t the i n i t i a l 
r e l a t i o n can be regenerated by l o g i c a l operations, e.g. 
j o i n , union, etc. 
B. Tuplewise s p l i t t i n g 
Here the p a r t i t i o n i n g i s e f f e c t e d on the basis of the o b j e c t 
value of a p a r t i c u l a r domain. By s e l e c t i o n s on the o b j e c t 
value of a domain the r e l a t i o n i s resolved i n t o smaller 
r e l a t i o n s such t h a t i t i s possible t o recover the f i r s t 
r e l a t i o n by forming the union of the c o n s t i t u e n t r e l a t i o n s . 
C. S p l i t t i n g by n o r m a l i z a t i o n 
This i s u s u a l l y performed at the r e l a t i o n design stage. 
This type of s p l i t t i n g w i l l not be discussed i n t h i s chapter. 
Some examples have already been given i n Chapter 1. 
Objectives 
The o b j e c t i v e s o f t h i s chapter are as f o l l o w s : 
( i ) To c o n s t r u c t a performance c r i t e r i o n (the gain i n 
computing time) expressed i n terms of the configu-
r a t i o n of the r e l a t i o n (the number of p o r t i o n s , the 
number of domains i n each p o r t i o n , etc.) and the 
frequency of reference t o each group of domains. 
( i i ) To examine the various ways of m o n i t o r i n g and 
recording the p a t t e r n of reference t o domains and 
t o choose a method which keeps a reasonably large 
amount of i n f o r m a t i o n w i t h i n an acceptable overhead 
( i n storage space and computing t i m e ) . 
( i i i ) To f i n d the p a r t i c u l a r c o n f i g u r a t i o n of the r e l a t i o n 
(the set of subsets) v/hich optimises the performance 
c r i t e r i o n obtained i n ( i ) using the reference 
i n f o r m a t i o n recorded i n ( i i ) . 
I n the chapter, ( i ) , ( i i ) and ( i i i ) are discussed f o r domainwise 
s p l i t t i n g separately and then f o r tuplewise s p l i t t i n g . 
The t h e o r e t i c a l a n a l y s i s , j u s t i f i c a t i o n and proofs f o r the 
domainwise decomposition of r e l a t i o n s a t a .logical l e v e l (type 
I I above) has been thoroughly worked out [Palermo 1970, 
Delobel & Casey 19 73, Delobel & Rissanen 19 73]. However, the 
o b j e c t i v e s l i s t e d here aim at improving the data base p e r f o r -
mance by s p l i t t i n g the r e l a t i o n s i n accordance w i t h the way i n 
which the user's queries reference the domains of r e l a t i o n s . 
Thus the recommendations a r r i v e d at w i l l be a p p l i c a b l e t o 
r e a l i s t i c s i t u a t i o n s . 
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Transparency 
The p a r t i t i o n i n g recommended below w i l l not be seen by the user, 
I t i s more convenient f o r the user t o be f a m i l i a r w i t h a small 
number of r e l a t i o n s s a t i s f y i n g h i s requirements r a t h e r than 
bother w i t h a large number of pa r t s of r e l a t i o n s whose forma-
t i o n s are v a r y i n g . 
However, a clever a p p l i c a t i o n s programmer can achieve greater 
e f f i c i e n c y f o r some queries by i n t e r f a c i n g w i t h the data base 
at a lower l e v e l and choosing access paths according t o the 
ac t u a l c u r r e n t states of the r e l a t i o n s . 
DOMATUWISE SPLITTING 
j . i * v J _ - i . J 1 1 1 J S ^ > _ v ^ x - i - i t_ J . o n -J- w u 
The doiP"inwise ?r>i i t t i p g o f r e l ^ t i c , n c : "ed-'Te^ the ^ "ces? '".j.™13 
i f only some of the p o r t i o n s are referenced by queries. The 
optimum r e l a t i o n c o n f i g u r a t i o n i s the one which gives minimun1. 
access time. 
I THE SPLITTING AT PHYSICAL STORAGE- LEVEL 
R n 
m 
Consider the r e l a t i o n R w i t h c a r d i n a l i t y of m and degree n. 
R i s stored as k p o r t i o n s w i t h o u t redundancy. P o r t i o n i has 
a subtuple size (row size) of S^  bytes. l < i < k . 
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Let the number of i n p u t b u f f e r s be f 
( f i s adjusted such t h a t f^k) 
the block ( b u f f e r ) size i n bytes be b 
the disk seek time (head movement time) t s 
the disk r e l a t i o n a l delay time t r 
the data t r a n s f e r time/byte 
the c y l i n d e r capacity i n blocks C 
k 
tl-he r e l a t i o n t u p l e size i n bytes 
the p r o p o r t i o n of non-consecutive 
blocks which r e q u i r e a seek e 
Assumptions 
( i ) Assume t h a t each p o r t i o n of the s p l i t r e l a t i o n i s s t o r e d 
i n a d i f f e r e n t c y l i n d e r , i . e . a seek i s re q u i r e d when 
moving from one p o r t i o n t o another. 
( i i ) Assume t h a t the i n f l u e n c e of the multiprogramming 
environment i s the same i f the r e l a t i o n i s stored i n 
e i t h e r form. 
-Define the degree o f multiprogramming i n t e r f e r e n c e (d) as the 
p r o p o r t i o n o f times the disk head leaves i t s former p o s i t i o n 
t o s e r vice a request f o r data not p e r t i n e n t t o the r e l a t i o n 
under c o n s i d e r a t i o n . Although i t i s d i f f i c u l t t o accurat e l y 
determine t h i s parameter, i t w i l l help i n drawing some conclu-
sions l a t e r . 
Consider the access time f o r a query r e q u i r i n g the reading of 
one p o r t i o n (say p o r t i o n one): 
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Number of blocks = x S , 
b 1 
Access time per block = head movement time + average 
r o t a t i o n a l delav time '^r + data 
2 
t r a n s f e r time (b x t ^ ) 
Head movements take place: 
( i ) when we s h i f t from one p o r t i o n t o another, 
( i i ) due t o multiprogramming (d times) 
( i i i ) when one p o r t i o n occupies more than one c y l i n d e r 
( i . e . an average o f ^  movement per b l o c k ) , or 
some of the blocks are not i n the same c y l i n d e r . 
Head movement time/block f o r one p o r t i o n 
- t s(-J- + d + e) 
Access time/block f o r one p o r t i o n 
= t + d + e) + tr + b x t , s l . 2 t 
Access time f o r one p o r t i o n ( p o r t i o n one) 
= r). x S, (^s + t x u + t x e + **r + b x t . ) 
C S 2 r 
I f the r e l a t i o n i s not p a r t i t i o n e d then the access time 




where A = ( t s + t x d + t x e + ^'r + b x t . ) 
c" s s " t 
When the r e l a t i o n i s s t o r e d as k p o r t i o n s and only k b u f f e r s 
are a v a i l a b l e ( i . e . f=k) the access time t c read the f i l e 
( r e l a t i o n ) record by record 
+ t x d H- t x e -i- ^ r + b x t . + k x t ) 
5 s T t 5 
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k 
= ~ x (A + .k x t ) £ S — (2) 
i = l 
(k x t : the head has t o jump from one c y l i n d e r 
t o another) 
however, g e n e r a l l y when f b u f f e r s are a v a i l a b l e we assume t h a t 
blocks of the k t n p o r t i o n w i l l be read consecutively i n the 
f-k remaining b u f f e r s . Hence — ( 2 ) w i l l be: 
I n general, i f a query requires p p o r t i o n s when f reading 
b u f f e r s are a v a i l a b l e , the access time 
§ * f A S . s i + fcs (tP-D PL s ± + TE^Tj}) ~ f o r v*1 
\ 1=J. 1-.L ' 
£ . A • S . — f o r p = l 
k where j i s the index of the one p o r t i o n requested. 
Now l e t Q be the number of queries r e q u i r i n g r e l a t i o n R ove > 
a c e r t a i n p e r i o d of time, 
q ^ be the number of queries r e q u i r i n g a set of 
p o r t i o n s w^  
l s i < u the number of sets of p o r t i o n s requested by 
queries 
u £ the number of possible combinations of p o r t i o n s 
( 2 k - l ) 
1 A T • i ± 
u 
Q = Eq • 
P . be the number of p o r t i o n s i n set w. w3 ."] 
Time t o answer Q queries 
u 
_ra<r—* 
j = l 
. i f P . >1 then WD 
/ P w j ^ P .-1 . . SP . ^ 
( A Z / i + ^ V ^ j " 1 ) W ^ s i + TfirTF^rryyy; • % 
1 = 1 
^else A % S. . q . j ^wi 
Exajiiple 
For an IBM 2314 d i s k , assuming block size ox 1 kbytes 
C 120 
t = 60 x 10 " sec s 
-3 
t = 12.5 x 10 sec 
— 3*3 jc 10 
/assume t h a t the e f f e c t of multiprogramming i s n e g l i g i b l e 
i . e . d = 0 
e = 0.01 
1 fcr A = t g ( i + d + e) + -~~ + b x t t 
A = t (—p: + 0.0 + 0.01) + ~ + 10 3 x 3.3 x 10~ 6 s lzO 2 
= t g ( y — + 0.0 + 0.01 + 0.1 + 0.05) 
= 0.17 t g = .0102 sec 
Consider a r e l a t i o n whose domains cire: 
A/c No. Balance Name Addre_s 
object size i n bytes 4 4 20 50 
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Suppose we have the following s t a t i s t i c s on 1000 queries 
( i . e . Q=1000): 
No. of queries requiring domains 1 and 2 = 800 (80%) 
No. of queries requiring domains 3 and 4 = 100 (10%) 
No. of queries requiring domains 1,2,3,4 = 100 (10%) 
Let us work out how much gain i s achieved by storing the 
rel a t i o n as two portions: 
A/c No. Balance 
and 
Name Address 
Assume f =3 , i . e . only 3 input buffers: 
(access time without s p l i t t i n g 
% saving i n access time = - access time with s p l i t t i n g ) 
access time without s p l i t t i n g 
= A.g.Z*l- A.g. (4+4)x0.8+A.g. (20'+50)x0.1^Z+ts(8+m))m xQ 
A.g.Z 




78- (.21. 2 + 0. 246 ^ * 0.0102'' 
78 
7 8-45-3 
78 = 0.419 (42%) 
Note: 
(i) As the degree of. multiprogramming, d, increases the 
saving increases (e.g. in the above example when d=l 
the saving i n access time w i l l be 71 % ) . This i s 
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because the head w i l l move from one portion t o the 
other at no e x t r a overhead. 
( i i ) The saving a l s o i n c r e a s e s with the i n c r e a s e of the 
proportion of the randomly accessed r e c o r d s , e. 
1. Updates 
Updates c o n s i s t of i n s e r t i o n s , d e l e t i o n s and changes of 
ob j e c t v a l u e s . L e t us compare the number of por t i o n s 
accessed f o r the updates when the r e l a t i o n i s s t o r e d with 
and without s p l i t t i n g . 
No. of portions accessed 
without s p l i t t i n g with s p l i t t i n g 
r i 
one p o r t i o n k portions 
Type of update 
Change of value: 
of one object 1 
of i values 1 
of a whole tuple 1 
I n s e r t i o n (1 tuple) 1 
Delet i o n (1 tuple) 1 




The updates do not favour a l a r g e number of p o r t i o n s . I n 
g e n e r a l , we need k a c c e s s e s per update. Now we add an update 
term to (4) assuming that the whole portion has to be accessed 
f o r the update. 
As i n ( 2 ) , the update a c c e s s time without s p l i t t i n g •- —.N.A.Z. 
the update access time with s p l i t t i n g = ^.M,(A+k.t ) .! 
(where N i s the number of updates) 
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Since the term f o r the updates i s the same as t h a t f o r the 
r e t r i e v a l s r e q u i r i n g a l l the k p o r t i o n s , we w i l l add the 
number of updates to the number of r e t r i e v a l s r e q u i r i n g k 
po r t i o n s . Hence, expr e s s i o n (4) w i l l account f o r the 
r e t r i e v a l s as w e l l as the updates. 
2, L o g i c a l f i l t e r s 
I n some qu e r i e s the records to be r e t r i e v e d ax~e those which 
s a t i s f y a l o g i c a l e xpression ( l o g i c a l f i l t e r ) s t a t e d as a 
s e l e c t i o n c r i t e r i o n i n the query. The l o g i c a l f i l t e r may 
contain conjunctions or d i s j u n c t i o n s . Each type of f i l t e r 
has a d i f f e r e n t i n f l u e n c e on the access time. 
As an nxample l e t us consider a r e l a t i o n R having « domains 
p a r t i t i o n e d as shown: 
R 3 2 3 4 5 6 n 
I I I ! I I L _ i J i I J 
k p o r t i o n s 
2.1 F i l t e r s _ w i t h _ t h e _ l o g i c a l _ o g e r a 
e.g. to s e l e c t those records f o r which domain(l)=a and 
domain(3)=b ... e t c . (where domains 1 and 3 of R are i n 
d i f f e r e n t p o r t i o n s ) . 
The s e l e c t i o n i s c a r r i e d out on each p o r t i o n s e p a r a t e l y r a t h e r 
than moving from one portion to the other and hence saving i n 
access time i s achieved. I f one of the terms (e.g. domain (.1) =a) 
i s f a l s e , the search w i l l be stopped and the time to ac c e s s 
the other p o r t i o n s i s saved. 
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2•2 f i l t e r s _ w i t h _ t h e _ l o o x c a l _ o p e r a 
e.g. to s e l e c t those records f o r which domain (1) :=a or 
domain(3)=b (where domains 1 and 3 of R are i n d i f f e r e n t 
p o r t i o n s ) . 
I n t h i s case one of the p o r t i o n s has to be read times 
(where n i s the number of blocks of the other portion v/ith 
data s a t i s f y i n g the f i l t e r ) . T h i s type of f i l t e r lead:: to 
l o s s i n performance due to the i n c r e a s e i n the access time. 
The model developed so f a r may be extended to account f o r 
the above two cases but t h i s approach has the f o l l o w i n g 
disadvantages: 
(.1) The model has to take i n t o c o n s i d e r a t i o n the p a r t i c u l a r 
method of dealing with ( s t o r i n g ) intermediate r e s u l t s . 
(2) When (1) was .Included i t was found that the model 
became complicated. 
To avoid t h i s disadvantage we w i l l assume t h a t the l o s s due 
to d i s j u n c t i o n s i s e x a c t l y covered by the gain from conjunctions. 
T h i s assumption does not favour s p x i t t i n g because the number 
of q u e r i e s having d i s j u n c t i o n terms i s u s u a l l y f a r s m a l l e r 
than those having conjunction terms. T h i s i s evident i n the 
case of the g e o l o g i c a l data base (Chapter 1, Figure 10), 
the a n a l y s i s of the que r i e s of the data base de s c r i b e d by 
[Senko 1971] and the GLC data base (see Table 5.1). 
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3. The Overhead of S p l i t t i n g 
( i ) The management of the b u f f e r s i s dynamic and depends 
on the number of portions of the r e l a t i o n requested 
by a query. Therefore, the Read/write routine w i l l 
consume some cpu timt i r choosing the b e s t b u f f e r 
a l l o c a t i o n s t r a t e g y f o r each qoery. 
( i i ) E x t r a space to hold p o i n t e r s showing the place of 
each domain i n the r e s p e c t i v e p o r t i o n . 
( i i i ) When tuples are to be i n s e r t e d i n order to update a 
r e l a t i o n , the updating tup l e s have to be s p l i t 
before the updating of each p o r t i o n takes p l a c e . 
E x t r a working disk space i s r e q u i r e d to hold each 
updating portion s e p a r a t e l y . 
I n c o n c l u s i o n , s p l i t t i n g i n the manner de s c r i b e d above i s 
b e n e f i c i a l and d e s i r a b l e when most of the f o l l o w i n g 
p r o p e r t i e s of data e x i s t : 
(a) a l a r g e number of domains with an unequal d i s t r i b u t i o n 
of r e f e r e n c e to domains. 
(b) l a r g e s i z e s of the l e s s r e f e r e n c e d domains. 
(c) a r e l a t i v e l y high number of randomly accessed records 
or a r e l a t i v e l y high degree of multiprogramming 
i n t e r f e r e n c e because both of these s i g n i f i c a n t l y 
i n c r e a s e the a c c e s s time when no s p l i t t i n g i s performed. 
I I LOGICAL LEVEL (THE SPLITTING OF RELATIONS) 
I n t h i s type of s p l i t t i n g the u s e r ' s r e l a t i o n i s p a r t i t i o n e d 
by p r o j e c t i o n s . For example, consider r e l a t i o n S whose 
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f i r s t domain i s i t s o r i g i n a l primary key or an a r t i f i c i a l 
primary key (e.g. tuple number) introduced to f a c i l i t a t e the 
s p l i t t i n g . 
The s p l i t t i n g 
R e l a t i o n S has domains .(d, =d_ =. . . .<3 ) 
v 1 2' * n 
To s p l i t S as f o l l o w s : 
S, = p r o j e c t i o n (d,,d„,...d ) of o 1 - -* _ i ^ m 
5 2 = p r o j e c t i o n [ d 1 , & m + 1 , • • • d r ) of S 
5 3 = p r o j e c t i o n (3^,d ^,*•> d n) o f s 
S 1 ' S 2 a n c ^ S 3 a r e S e t °^ a n ^ s t o r e < 3 cis base r e l a t i o n s . 
R e l a t i o n S i s now defined i n terms of i t s p r o j e c t i o n s 
I C C A c \ 
S = e q u i j o i n on d^ of S^TS^ and S^. 
"** * * — ^ N»-* A 4, « . .J- J-^ f—' J - V> H. W-* » 
G e n e r a l l y , f o r que r i e s r e q u i r i n g more than one r e l a t i o n ( p o r t i 
simultaneously, p o r t i o n s must f i r s t Jae assembled i n t o one 
r e l a t i o n e q u i v a l e n t to t h e i r e q u i j o i n s on the primary key. 
T h i s i s done by submitting to the system a d e f i n i t i o n of a 
new r e l a t i o n as the e q u i j o i n of the r e l a t i o n s (portions) 
requested by the query. 
The defined r e l a t i o n w i l l be e x p l i c i t i n the f i r s t p lace and 
the query w i l l be answered. The defined r e l a t i o n may then 
be maintained e x p l i c i t and can answer s i m i l a r q u e r i e s . T h i s 
depends on the a v a i l a b i l i t y of space i n the data base f i l e 
and the c h a r a c t e r i s t i c s of the defined r e l a t i o n such as i t s 
c r e a t i o n c o s t , i t s s i z e and the frequency of re f e r e n c e to i t . 
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For example, i f a query r e q u i r e s domains i n and S 0 , r e l a t i o n 
S^ 2 v.'ill be defined a s : 
S, 0 = e q u i j o i n on d. of S.. and S 0 
i s made e x p l i c i t and the query i s answered. For how long 
S-±2 w i l l remain e x p l i c i t depends on the aforementioned 
conditions. 
The Overhead 
Let us consider the f o l l o w i n g two extremes: 
( i ) An environment where the combinations of r e l a t i o n s 
S 1 ' S 2 a n c * S 3 w^^- c^ a r e requested by q u e r i e s (e.g. 
S and ecu al.]. be iticiintcvineu e-.xp3 i c i t . 
of the e q u i j o i n f o r s e t t i n g up each combination. 
( i i ) An environment where the combinations r e q u i r e d 
by q u e r i e s have to be s e t up by equijoin-s f o r each 
query due to s c a r c i t y of space. 
The overhead i s the e q u i j o i n cpu time f o r each query. 
The overhead depends on the data base environment. I t i s 
time v a r y i n g and w i l l always l i e between these two extremes. 
The p a r t i t i o n i n g w i l l be b e n e f i c i a l i f the major overhead 
(the e q u i j o i n cpu time) can some hov/ be minimised. I t can 
be shown that s p l i t t i n g may p o s s i b l y be b e n e f i c i a l only i f 
the r e l a t i o n s are s t o r e d with t u p l e s s o r t e d on some key because 
t h a t w i l l s i g n i f i c a n t l y reduce the j o i n time. I n the d i s c u s -
s i o n t h a t follows v/e are concerned with r e l a t i o n s which are 
s o r t e d on t h e i r primary key domains. I f the r e l a t i o n has no 
primary key, a system generated key such as the tuple number 
i s added to the r e l a t i o n before the s p l i t t i n g i s performed. 
2. Boolean F i l t e r s 
Consider a r e l a t i o n S having k subsets ( S ^ , . . . S ^ ) where 
S,S,,...S, are defined as above. 1 K 
Consider the q u e r i e s i n v o l v i n g i subsets taken, fox- convenience; 
as ( S ^ , S 2 , . . • ) . 
(a) For a boolean f i l t e r with conjunctions (AND) 
Let R = S ^  j o i n * j o i n * ... j o i n * S.. 
(where j o i n * i s an e q u i j o i n on the primary key) ( a l ) 
s e l e c t ( R : B ^ & B ^ . . . ) = seltsut (R:B^) intex'&euiiiuji 
s e l e c t ( R : B ^ ) 
i n t e r s e c t i o n s e l e c t i:i:JLi^) — ( a 2 ) 
(where B^ i s a l o g i c a l expression containing a domain 
of R which i s a l s o a domain of subset S., 
x 
e.g. domain(2)=5, a l s o domain(2)=5 and domain(3)-2 i f 
domains 2 and 3 are i n the same subset.) 
S u b s t i t u t e ( a l ) i n (a2) 
s e l e c t (R:B]L&B2&B3. . .B i) = s e l e c t (S^^ :B 1) j o i n * s e l e c t ( S 2 :B 2) 
j o i n * s e l e c t (S j L:B i) — ( a 3 ) 
I f any select(S^:B..) =NULL then the whole exp r e s s i o n (a3) 
w i l l be equal t o NULL. In other words, the s e l e c t i o n s 
are performed on the i n d i v i d u a l subsets and the r e s u l t of 
the s e l e c t i o n i s e q u i j o i n e d on the primary key i f no 
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r e s u l t i s a NULL. 
Maximum number of e q u i j o i n s = i - 1 . 
I n t h i s type of query the r e s u l t i n g r e l a t i o n s to be j o i n e d 
have a reduced c a r d i n a l i t y . I f c e r t a i n conditions are 
s a t i s f i e d i t w i l l be more b e n e f i c i a l to t r e a t q u e r i e s of 
t h i s type, which r e q u i r e more than one p o r t i o n , i n a manner 
d i f f e r e n t from t h a t s t a t e d i n ( 1 ) . T h i s w i l l be explained 
l a t e r . 
(b) For a boolean f i l t e r v/ith d i s j u n c t i o n s (OR) the fo l l o w i n g 
expression can be obtained s i m i l a r l y : 
s e l e c t (I^B^VB^'v'B^ .. .3 i) s s e l e c t (C, ) j c i n * E p j o i r . . . . 
j c i r . * S .U s e l e c t ( S , : B J join*S., ,-:,->.. -
j o i n * S . . . . U s e l e c t ( S . : B . ) j o i n * S , . . . j o i n * S . , — ( b l ) 
J 1 l l J 1 J i - l 
i.,e. perform a s e l e c t i o n on j subset and equJ j o i n the 
r e s u l t on the primary key with a l l other ( i - l ) subsets, 
th 
Store the j * r e s u l t . 
(Repeat t h i s f o r j = l , . . . , i ) 
Perform a union of the i r e s u l t s . 
Number of e q u i j o i n s = i ( i - l ) . 
From the above a n a l y s i s i t i s evident t h a t f o r l o g i c a l f i l t e r s 
having d i s j u n c t i v e terms a lar g e number of j o i n s and data 
movements w i l l be req u i r e d . I t i s t h e r e f o r e s e n s i b l e to 
define a r e l a t i o n on the subsets r e q u i r e d by the query (by 
means of an e q u i j o i n ) and then perform the s e l e c t i o n on the 
e x p l i c i t form of the defined r e l a t i o n . 
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i . e . s e l e c t (RrB^VB^VB^. . .B_J without s p l i t t i n g 
= s e l e c t (Q: B\'B„VB . . . B . ) 
1 2 3 i 
where Q = S n join*S„ j o i n * S _ . . . j o i n * S . 
1J 2 J 3 J i 
T h is i s to say that q u e r i e s having l o g i c a l OR w i l l be d e a l t 
with s i m i l a r l y to the general type of queries described i n (1) . 
3, The i n f l u e n c e of s p l i t t i n g on access and cpu times 
using the general method (1) 
When a query r e q u i r e s more than one p o r t i o n , the r e q u i r e d 
portions are j o i n e d i n t o a s i n g l e r e l a t i o n . Since the 
portions are sto r e d with t u p l e s s o r t e d on a c e r t a i n key. the 
subsets are accessed block by block for the j o i n on the 
e q u a l i t y of that key. As the j o i n operation i s performed. 
the query i s answered at no e x t r a access time overhead. The 
j o i n e d subsets are then returned back to disk as one r e l a t i o n 
so as to avoid r e p e a t i n g the j o i n f o r repeating q u e r i e s . 
The a c c e s s time w i l l thus be equal to the time of a c c e s s i n g 
i p o r t i o n s plus the time f o r r e t u r n i n g the j o i n e d .1 po r t i o n s 
back t o the disk as one subset. The expression f o r the 
access time i s s i m i l a r to t h a t of ( 4 ) . 
An overhead due to the e q u i j o i n i s i n c u r r e d . T h i s i s equal 
to the cpu time of 2 ( i - l ) m key ob j e c t comparisons. 
Given the expected a v a i l a b l e storage s i z e and the c h a r a c t e r i s t i c s 
of the r e l a t i o n to be formed, i . e . i t s s i z e , c o st of c r e a t i o n 
and frequency of r e f e r e n c e , the p r o b a b i l i t y of the r e l a t i o n 
remaining e x p l i c i t , x, may be estimated from the i s o s t o r a g e 
s u r v i v a l diagram (Chapter 4 ) . 
mo j . ^ 
The expected number of comparisons due to e q u i j o i n s w i l l thus 
be = 2 ( i - l ) m ( l - x ) . n u m b e r of q u e r i e s — ( 5 ) 
The expected access time ( c f e xpression 4) f o r i subsets 
/ i f P . >1 then 
l w - j 
P .-1 
wj P .. JfLL 
b 
. A £ S i + ^ l ^ w j " 1 ^ g 1 S i + ( f - ( p ^ - i ) f [ | < - * > - V j 
•P _• 
+ A ( J?S \ . ( l - x ) q . 
t e l s e A . S . . q . — (6) 
The underlined tei~iu uCCouXiLu £VJ: the hccest> tiiuf f o r answering 
the query from the s i n g l e e x p l i c i t r e l a t i o n . 
i s the s i z e of subset i tuple i n c l u d i n g the Key domain. 
The above exp r e s s i o n accounts f o r the updates i n the same way 
t h a t has been e x p l a i n e d before. For l a t e r r e f e r e n c e the 
f o l l o w i n g s p e c i a l case i s considered: 
The access time f o r a r e l a t i o n having i subsets f o r one query 
r e q u i r i n g more than one subset 
i - 1 S. 
i > S. + t < ( i - l ) > S. + T j - . - i - r r 
j£f : s V j ( f - u - i ) 
.. . , niA / S . , , 
a - x ) + D — ( / ) 
Assuming f = i 
4. Comparison of approaches f o r conjunctive boolean f i l t e r s 
Here i s a comparison between the f o l l o w i n g two approaches for 
answering a query having a conjunctive boolean f i l t e r : 
( i ) to form a r e l a t i o n from the portions requiared 
by the query by means of an e q u i j o i n , 
or ( i i ) to access each po r t i o n s e p a r a t e l y and perform 
a s e l e c t i o n and then e q u i j o i n the r e l a t i o n s 
r e s u l t i n g from the s e l e c t i o n , 
( i ) The exp r e s s i o n s for the ac c e s s Lime and the number of 
comparisons f o r t h i s approach have beeij g i v e s n i n (2.3) c i n u 
(2.1) r e s p e c t i v e l y . 
( i i ) L e t us assume that the system follov/s the following steps 
i n answering a query r e q u i r i n g i p o r t i o n s : 
a.* ACC£S G O. pCJET"U .ion • 
2. Perform the s e l e c t i o n on the portion and t r a n s f e r the 
r e s u l t i n g r e l a t i o n back to the work area on d i s k . 
(Stop i f the r e s u l t i s Nul l . ) 
3. Repeat steps 1 and 2 f o r a l l i p o r t i o n s . 
4. Access two r e s u l t i n g r e l a t i o n s . Perform the j o i n and 
take the r e s u l t back to d i s k . 
5. Access the r e s u l t of the l a s t j o i n and the next 
s e l e c t i o n r e s u l t . Perform the j o i n and take the 
r e s u l t back t o d i s k . 
6. Repeat step 5 u n t i l one r e s u l t i n g r e l a t i o n i s formed. 
Let us suppose t h a t mr_. t u p l e s of portion j s a t i s f y the boolean 
f i l t e r 0<r.£l j = l , . . . i 
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i . e . r j i s the f r a c t i o n of the t u p l e s of the subset s a t i s f y i n g 
the boolean f i l t e r . 
I f any r^.=0, the r e s u l t w i l l be NULL. 
For i subsets the t o t a l a ccess time and the number of o b j e c t 
comparisons i s as f o l l o w s : 
Steps 1,2 and 3 above 
Time f o r a c c e s s i n g i p o r t i o n s for the s e l e c t i o n and taking the 
r e s u l t back to work a r e a 
= iPa. + .a. where a. = ?.A.S. 
j ^ 3 3 3 b 3 
Step 4 
Access time f o r the f i r s t two subsets 
= + r 2 a 2 
Assuming the object values of the key domain to be uniformly 
d i s t r i b u t e d , the j o i n w i l l reduce the number of t u p l e s of the 
k-1 r e s u l t i n g subset by r ^ v/hen j o i n a d with the k n r e s u l t , ^nd 
v i c e v e r s a . 
Access time f o r r e t u r n i n g the r e s u l t = i ~ 2 r i + r i r 2 a 2 
= r i r 2 ( a 1 + a 2 ) 
m Number of comparisons= r^m + r 2 
Steps 5 and 6 
Access time f o r i - l subsets = the access time f o r the r e l a t i o n 
r e s u l t i n g from j o i n i n g subsets 1 and 2 + the time f o r a c c e s s i n g 
the s e l e c t i o n r e s u l t of subset 3 + ... + .... 
= r - ^ a ^ a , ) + r 3 a 3 
+ r 1 r 2 r 3 ( a 1 + a 2 + a 3 ) + r ^ 
+ r l r 2 r i - l ( a l + a 2 + - " + a i - l ) + r i a i 
Access time for r e t u r n i n g the r e s u l t = r ^ r 2 r 3 ( a ^ + a ^ + a ^ ) + 
r 1 r 2 r r ! r 4 (a 1+a 2+a 3+a 4) + .. 
+ r ^ r ; ; ) r ^ _ 1 (a.,+a2 + . . .+a^_^) 
(the time to r a t u r n the l a s t r e s u l t i s not included) 
For steps 4,5,6: the time f o r a c c e s s i n g i subsets f o r the 
e q u i j o i n - ^_ql 
" 1 \ ^ ' 
+ / L . a • 
J J 
the time for r e t u r n i n g the. r e s u l t 
= i-1. r / i 
T o t a l access time f o r steps 1 to 6 
i 1=4 
\n=l n / j = 
+ 2 V r . a 
Maximum number of comparisons ( f o r steps 5 and 6) 
r^r 2m -I- r 3m 
+ r 1 r 2 r 3 m + r 4m 
+ r,r„r. ,m + r.m 1 2 l - l l 
T o t a l number of comparisons f o r e q u i j o i n s (steps 1 to 6) 
= m ( r 1 + r 1 r 2 + r 1 r 2 r 3 + . . ^ r ^ r . ) 
+ m(r- L+r 2+r 3+. < .+r^) 
i i "i 
Tti- - ^ 
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The expressions (8) and (9) demonstrate c l e a r l y t h a t f o r ' 
small v a l u e s of r ^ the access time and the number of compari-
sons f o r method ( i i ) w i l l diminjsh. E.G. i n the g e o l o g i c a l 
data base the average r=5xl0 (see Table 5.1). 
The parameters that decide which of the two methods to use 
are: 
(a) the p r o b a b i l i t y of s u r v i v a l , x; 
(b) the average f r a c t i o n by which the number 
of t u p l e s diminishes a f t e r a s e l e c t i o n , 
r ; 
(c) the number of su b s e t s , i . 
The parameter r i n f l u e n c e s the above two expressions f o r the 
number of comparisons and the access time (8 and 9) i n approxi-
mately the same manner, i . e . the sign of t h e i r r a t e of change 
with r i s the same. Th i s a l s o a p p l i e s to x with expre.seions 
5 and 7. The method chosen w i l l therefoj;e be b e t t e r than the 
other i n both the numbea: of comparisons and the access time. 
Comparing the number of comparisons i n methods ( i ) and (i.i) 
(5 and 9) 
Choose method ( i i ) i f 
2m(i-l) (1-x) > m(^=|i- + i r ) 
x < 1 -
i l r l 1-r 
2 i - l ( i - l ) M-r) (10) 
For at l e a s t two of the data bases i n Table 1, method ( i i ) 
should be chosen. 
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S i m p l i f y i n g (8) using the average value of r_. , i . e . r_.=r/ we 
obtain: 
i - 1 
j = l -1 L-2 j = l J j = l J 
Comparing the expr e s s i o n (7a) and s i m p l i f y i n g : 
Choose method ( i i ) i f 
(A+it )(1-x)+A s V s > A J j = l J 
t s , + 2 J " v ! r 1 . t.s?\ -:- 2r Es, I 
(A+it..) (1-x) -2Ax 
i i - 1 E s . > 2A E J 1 = 1 J 1=2 
j = l J 1=2 L j=L J J 
I 
j = l 
* . Es, 
t. 
( l + i ~ ) ( l - x ) - 2 r 
which reduces to: 
T v-
X * x — t„ 
^ , J- 4A ' 
j = l J 
I t i s d i f f i c u l t t o s i m p l i f y t h i s e xpression without making 
approximations. However, i n order to choose method ( i i ) the 
r i g h t hand side of the above expression should be s m a l l . 
This i s true when: 
(a) r i s sm a l l 
(b) S n < S n + 1 n = l , 2 , . . . , i - l , 
U s u a l l y r < l , so the s m a l l e r values of S w i l l be m u l t i p l i e d 
n 
by the longer s e r i e s of r whose f i r s t few terms have more 
s i g n i f i c a n t values because they are r a i s e d to small powers. 
In p r a c t i c e t h i s means t h a t a f t e r the s e l e c t i o n operation we 
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p i c k t h e r e s u l t i n g s u b s e t s f o r t h e e q u i j o i n i n t h e a s c e n d i n g 
o r d e r of t h e i r s i z e . I n t h i s way we m i n i m i s e t h e amount of 
d a t a b e i n g t r a d e d back and f o r t h between t h e d i s k and the 
main s t o r a g e . 
F o r example, 
i=3 S =40, S„=60, S„==100 J. <t o 
7i=0. 2 5 t 
s 
r=0.1 
, , ... . - • , 0.2 2 . 0.01 . 100 Choose method ( n ) i f x < 1 - — j - j -
x < 0.98 
From t h e e x p e r i m e n t s i n c h a p t e r 3, x-0.38. ' s 
u s u a l l y t o o h i g h t o be o b t a i n e d . T h e r e f o r e , 
choose method ( i i ) . 
r=0.65 
1^3 0. 42 ( 40+60) 2 
X < 1 "if' ~ 200 
Choose method ( i i ) i f x < 0.48 
[Suppose we a c c e s s e d t h e s u b s e t s i n t h e f o l l o w i n g 
o r d e r : S ^ l O O S 2 = 6 ° S 3 = 4 ° 
, ]L3 0.42x(100+60)2 
X < 1 3 " " 200 
x < 0.23] 
N.B: 
1. I f t h e degree o f t h e i n f l u e n c e o f multiprogramming i s h i g h 
s u c h t h a t A~0.67t 
s 
t h e n f o r r=0.1 choose method ( i i ) i f x < 0.95 
r=0.65 choose method ( i i ) i f x < 0.35 
r=0.9 choose method ( i ) . 
2. The above v a l u e s of r a r e v e r y l a r g e compared t o t h o s e i n 
T a b l e 1. 
Q U E R Y 
Omy u yes answered from one stioscl 
one subset is requited 
no 
Hos tne query Query oiiswered y e s y S 
from :hc got a conjuctive 
boa! r e u u 6 i t 6 0 suuSStS 
no 
C2 — 
/ 0 d \ flrf) f ft C upr v r e c 
yes y from on defined relation subset cireody inttuu£u 
explicit relation explicit in o definition 
no 
B 2 no 
Define a rclotion Make il ic relation 
Answer explicit in terms of the 
the query requested s u b s e t s 
-> S T O P <r-
o Def inate gain due to spl i t t ing 
Gain or loss depending on the nature 
of the q u e r y , the parameters of the 
solit relation and ef the s y s t e m 
F i n u r e 5.2 
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The above example shows t h a t i t i s a r e a s o n a b l e p o l i c y t o 
f o l l o w method ( i i ) f o r a l l q u e r i e s h a v i n g c o n j u n c t i v e b o o l e a n 
f i l t e r s . 
5. Summary 
The f l o w d i a g r a m i n F i g u r e 5.2 d e s c r i b e s an a l g o r i t h m f o r t h e 
management of q u e r i e s r e q u i r i n g a p a r t i t i o n e d r e l a t i o n . T h e r e 
i s a d e f i n i t e p e r f o r m a n c e improvement due t o s p l i t t i n g i n t h e 
f o l l o w i n g c a s e s : 
1. When the qu e r y i s answered fiom o n l y one s u b s e t 
( c i r c l e C I i n t h e d i a g r a m ) . 
2. When t h e qu e r y i s answered from an e x p l i c i t 
r e l a t i o n d e f i n e d as t h e e g u i j o i n of t h e rec>uesL^d 
— _ i - — ^ — / — i - - - , ! , - . i — i ~ i -,' — -3 ~ — > -•—'» 
b U O a C \ ^ . I j . w X C Z V ^ A - X l t U i 1 ^  u ± l I H j . C i l . i y . 
When t h e query r e q u i r e s more than one s u b s e t and t he s e l e c t i o n 
b o o l e a n f i l t e r i s c o n j u n c t i v e (box R l i n t-hp. -rliogrnm) . cpu time 
due t o co m p a r i s o n s i s t r a d e d o f f f o r g a i n i n a c c e s s t i m e . T h i s 
c a s e does n o t a l w a y s improve t h e pe r f o r m a n c e . The g a i n i n 
performance depends on: 
a. t h e s i z e o f t h e whole r e l a t i o n . 
b. t h e number and s i z e s of t h e s u b s e t s r e q u e s t e d 
i n t h e qu e r y . 
c . t h e v a l u e o f t h e p a r a m e t e r r . 
d. the c h a r g i n g a l g o r i t h m of t h e i n s t a l l a t i o n , 
i . e . how cpu time i s w e i g h t e d a g a i n s t t h e 
a c c e s s t i m e . 
e. the j u d i c i o u s c h o i c e of t h e s u b s e t s and t h e i r 
c o n s t i t u e n t domains. 
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When t h e s u b s e t s have t o be e q u i j o i n e d t o cnswer a quer y • 
(box 32 i n the. d i a g r a.r.) , t h e l o s s or g a i n i n per £ orcein ce 
depends on ( a ) , ( b ) / (d) and (e) above. 
The f r e q u e n c y o f e a c h o f t h e above mentioned f o u r t y p e s o f 
q u e r i e s i s needed i n o r d e r t o e s t i m a t e t h e g a i n i n a c c e s s 
time due t o such s p l i t t i n g . The e x p r e s s i o n s f o r t h e a c c e s s 
time and t h e number o f c o m p a r i s o n s o b t a i n e d p r e v i o u s l y f o r 
ea c h t y p e a r e m u l t i p l i e d by t h e i r r e s p e c t i v e f r e q u e n c i e s . 
G iven t h e c o s t o f cpu time r e l a t i v e t o t h e e l a p s e d t i m e , 
t h e r e d u c t i o n i n c o s t can be c a l c u l a t e d . 
6. An e x p e r i m e n t 
•Pho fnl I c H n n oy:ur.nl o Pi rrnrn R . ci\rp>^ i- ri ^ cjinrin <"-< H w p 
- J. —' v- .. ~j — t - — i , - » - « s — - - - ' j . - - i ~ — 
o f q u e r i e s on a r e l a t i o n w i t h and w i t h o u t s p l i t t i n g . T h i s 
g i v e s a f e e l o f t h e magnitude of t h e p o t e n t i a l g a i n w h i c h 
can be a c h i e v e d by j u d i c i o u s s p l i t t i n g 
A GLC d a t a b a s e r e l a t i o n PROPERTY 
( S t r e e t v r Propp f O l d u s e ^ . . . , 6 t c > ) 
degree = 4 2 
c a r d i n a l i t y = 27323 
t u p l e s i z e = 12 4 b y t e s 
The r e l a t i o n i s s o r t e d on t h e p r i m a r y key ( S t # ) . 
The f o l l o w i n g p o r t i o n s were formed: 
A - p r o j e c t i o n o f PROPERTY on domains 1 and 2 
B = p r o j e c t i o n o f PROPERTY on domains 1 and 3 
16 3 
Query 
i i ) s e l e c t ( 0 1 d u s e = 3 ) 
2 i ) s e l e c t ( 3 t # = 5 3 ) 
3 i ) s e l e c t ( S t # = 5 3 a 0 1 d u s e = 8 ) 
i i ) j o i n r e l a t i o n C a D on 
th e e q u a l i t y o f St// 
4 .1) s e l e c t (St;"-53 0Iduce«8) 
i i ) j o i n A and B on e q u a l i t y 
o f S t * 
R esponse 
t i m e ( s e e ) 
IB&370/45 






12 3 (c.v 
88 
.vdi a 110:"1 UiiCU 






The r e s u l t i n g 




The r e s u l t i n g 
r e l a t i o n C - s e l e c t 
from A ( S t # = 53) 
PROPERTY 
C c a r d i n a l i t y = 1 2 5 
D c a r d i n a l i t y - 5 
i 1\V/^ . J. 
A and E 
The r e s u l t i n g 
r e l a t i o n E-ee v i i " i o i n 
i i i ) ' s e l e c t (St#=53 01duse=8) 48 • 
R e s u l t s 
Q u e r i e s r e q u i r i n g more t h a n one p o r t i o n : 
(a) C o n j u n c t i v e q u e r i e s : 
Time t o answer q u e r y 3 ( i ) from PROPERTY - 124 s e c . 
Time t o answer q u e r y 3 ( i ) from, p o r t i o n s 
by means o f s e l e c t i o n s from A and B 
and t h e n j o i n i n g t h e r e s u l t s - 41 s e c . 
.*. c l e a r c u t g a i n 
(b) D i s j u n c t i v e q u e r i e s : 
Time t o answer q u e r y 4 ( i ) from PROPERTY = 12 8 s e c . 
Time t o answer q u e r y 4 ( i ) f r c ~ . p o r t i o n s 
A and 7?. by i:\e-sns o f e q u i j o i n i n g on 
the s o r t e d p r i m a r y kev domain and t h e n 
a n s w e r i n g t h e q u e r y from the r e s u l t !G s e c . 
. a r e l a t i v e l y s m a l l l o s s 
FIGURE 5.3 
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I I - I THE FORMATION OF SUBSETS FOR DOMAIN WISE SPLITTING • 
When r e l a t i o n R i s a c a n d i d a t e f o r s p l i t t i n g , some i n f o r m a t i o n 
d e s c r i b i n g t h e r e f e r e n c e p a t t e r n o f the domains has t o be 
r e c o r d e d . T h i s i n f o r m a t i o n i n c l u d e s the f r e q u e n c y o f usage 
and the c o n c u r r e n c y of r e f e r e n c e t o the domains. When t h e 
d a t a b a s e i s r e o r g a n i s e d t h i s i n f o r m a t i o n i s u s e d t o e v a l u a t e 
t h e p a r a m e t e r s r e q u i r e d by t h e s p l i t t i n g c r i t e r i o n ( i n I and 
I I a b o v e ) . A c c o r d i n g l y i f thc-j s p l i t t i n g i s v i a b l e , the 
optimum c o n f i g u r a t i o n o f s u b s e t s w i l l be d e t e r m i n e d . 
The i n f o r m a t i o n t o be s t o r e d i s t h e f o l l o w i n g : 
( i ) t h e number o f t i m e s e a c h domain was r e f e r e n c e d 
as ci s i n g l e domain; 
( i i ) t h e number of h.imes each p a r t i c u l a r c o m b i n a t i o n 
o f domains was r e q u e s t e d by a q u e r y . 
F o r a r e l a t i o n o f n domains ( i ) w i l l o n l y r e q u i r e n l o c a t i o n s 
w h i l e ( i i ) w i l l r e q u i r e 2 ~1 l o c a t i o n s ( i . e . > ' ~-r,^-1-—-.-) . 
j&^j r . vn-r) ; 
The l a t t e r can l e a d t o v e r y l a r g e s t o r a g e r e q u i r e m e n t s , 
e.g. f o r r e l a t i o n O p t i c s , n=15, we need 32,767 l o c a t i o n s , 
i . e . about 9 8K i f t h e s i z e of e a c h l o c a t i o n i s 3 b y t e s . 
The a c c e s s t o su c h a l a r g e number o f l o c a t i o n s whenever 
t h e r e l a t i o n i s r e f e r e n c e d i s a s e r i o u s o v e r h e a d . 
However, t h e f o l l o w i n g method i s recommended. A b i t v e c t o r 
o f l e n g t h n i s s t o r e d f o r e v e r y t y p e o f qu e r y . The v e c t o r 
has I ' s i n t h e p o s i t i o n s c o r r e s p o n d i n g t o t h e domains i n v o l v e d 
i n t h e qu e r y . I n F i g u r e 5.4 t h e f i r s t q u ery (QI) r e q u i r e s 
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the f i r s t and t he s e c o n d domains. 
T h i s b i t m a t r i x method works as f o l l o w s : 
( i ) When a query r e q u i r i n g r e l a t i o n R i s decoded the 
p o s i t i o n s o f t h e r e f e r e n c e d domains of B a r e marked 
by l ' s i n a b i t v e c t o r X. 
i . e . X i = M l ; f o r a l l i e I 
where I i s t he s e t o f t h e domains 
of R i n v o l v e d i n t h e query 
• and X j = * 0'; j 4 I . 
( i i ) The b i t t a b l e i s s e a r c h e d f o r a match between 
v e c t o r X and t h e v e c t o r s of t h e q u e r i e s s o f a r 
r e c o r d e d . I f no match i s found v e c t o r X i s 
added t o t h e t a b l e t o i n c r e a s e t h e number of 
t y p e s o f query by 1. 
The s t o r a g e o v e r h e a d o f t h e b i t t a b l e method i s r e l a - . i v e l y 
s m a l l . I t i s o n l y n b i t s t i m e s t h e number of the t y p e s of 
q u e r y . 
The q u e r i e s r e q u i r i n g a s i n g l e domain a r e n o t added t o the 
m a t r i x but the r e s p e c t i v e domain r e f e r e n c e c o u n t i s updated. 
A l l o w i n g f o r 500 q u e r y t y p e s (columns i n F i g u r e 5,4) f o r a 
r e l a t i o n h a v i n g 16 domains a s t o r a g e o f IK b y t e s i s needed. 
From the o b s e r v a t i o n of t h e usage o f r e l a t i o n s O p t i c s (n=15) 
and P r o p e r t y (n=42) i t i s u n l i k e l y t h a t t h e number o f m u l t i -
domain query t y p e s w i l l e x c e e d 2n and t h e r e f o r e 2n i s the 
recommended number o f columns. The s t o r a g e o v e r h e a d i s t h u s 
— by t e s . 
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! 1 1 0 ! 0 0 




































N 0 0 0 i 
i i i t v e c t o r s r e p r e s e n t i n g t h e q u e r i e s 
Query 1: SELECT FROM R ( d o m a i n ( 1 ) - 5 & d o m a i n ( 2 ) - A ) ; 
Query 2: PROJECT(R) ( 1 , 4 , 5 ) ; 
e t c . 
N.B. SELECT FROM R( d o m a i n ( 1 ) = ft & d o m a i n ( 2 ) = 0 ) ; 
i s a Query o f type 1 f o r any v a l u e o f a 
and (3 and whether the logical Operator is AND 
or OR. 
A l s o , P R O J E C T ( R ) ( 1 , 2 ) ; i s o f t y p e 1. 
FIGURE 5.4 
167 
A n o t h e r o v e r h e a d i s the cpu time o f m a t c h i n g a new query" as 
i n (.ii) above. The c o n d i t i o n f o r a match i s t h e e q u a l i t y of 
v e c t o r X t o a q u e r y t y p e v e c t o r (a t a b l e column). The number 
of c o m p a r i s o n s depends on the t y p e of s e a r c h u s e d , e.g. the 
columns o f t h e m a t r i x may be p l a c e d i n the o r d e r o f the v a l u e 
o f t h e i r c o n t e n t . With the columns s o r t e d , the number o f 
c o m p a r i s o n s w i l l be c u t down but t h e columns have t o be moved 
whenever a new t y p e i s i n s e r t e d . T h i s p o s e s no problem 
b e c a u s e t h e whole m a t r i x can be accommodated i n c o r e . 
However, t h i s i s a s t a n d a r d problem o f a t a b l e whose key i s 
the q u e r y p a t t e r n and whose e n t r y i s the f r e q u e n c y o f u s a g e . 
The c o m p a r i s o n s o f t h e v a r i o u s methods o f t a b l e u p d a t i n g a r e 
e x p l a i n e d i n [ K n u t h , v o l . I I I ] . 
A t t i m e = t when v e c t o r X e q u a l s column c o f t h e m a t r i x , t h e 
c „ n i , • j - ..._ .1 j q _ 
J-O.l. X U W l U U AO U U U a L B U i 
(1) t h e number o f r e f e r e n c e s t o column c 
(u =u +1) . c c 
(2) t h e l a s t r e f e r e n c e ( L c = t ) . 
(3) t h e r e c e n c y w e i g h t e d f r e q u e n c y (w =w + t ) . 
c c 
At time=T when a l l t h e m a t r i x columns have been u s e d up, the 
new v e c t o r X s h o u l d r e p l a c e column p w h i c h has t h e l e a s t w 
of a l l t h e columns t h a t have not been r e f e r e n c e d d u r i n g t h e 
l a s t 2 n - l r e f e r e n c e s ( i . e . L < T - (f<n-l) ) . 
I n t h i s way the o l d r e f e r e n c e p a t t e r n i s d i s c a r d e d t o make 
way f o r t h e more r e c e n t p a t t e r n . 
1.. The choi^co^ of- t h e Optimum s e t o f p a r t i t i o n s 
G i v e n t h e b i t m a t r i x o f F i g u r e 5.4 and t h e w e i g h t e d usage 
counL of e a c h query t y p e , i t i s r e q u i r e d t o f i n d t h e s e t o f 
s u b s e t s w h i c h o p t i m i s e s t h e p e r f o r m a n c e a c c o r d i n g t o t h e 
p r e v i o u s l y mentioned c r i t e r i o n . 
A t r e o r g a n i s a t i o n t i m e t h e b i t t a b l e i s c o n v e r t e d i n t o a 
m a t r i x i n whic h e a c h f 0 ' b i t i s r e p l a c e d by a z e r o and e a c h 
'1' b i t i s r e p l a c e d by a one. E a c h row o f t h e new m a t r i x 
i s m u l t i p l i e d by t h e w e i g h t e d f r e q u e n c y o f t h e c o r r e s p o n d i n g 
query t y p e . The new m a t r i x r e p r e s e n t s the v a r i a b l e s f o r 
a c l u s t e r i n g p r o c e s s [Boyce 196 8, W i s h a r t 1 9 6 9 j . 
T;T ^ gf-.~.r;da.rr' c l v . c ^ erx.i. rit" f p r o b l e i " th'S? li'^gr1 i t u d ' j of t h e V—2 >'.CG 
i n e a c h column i s i m m a t e r i a l o u t s i d e t h e same column, w h i l e 
i n t h i s p a r t i c u l a r a p p l i c a t i o n i t i s s i g n i f i c a n t becau.se it 
r e p r e s e n t s t h e f r e q u e n c y o f o c c u r r e n c e of t h a t t y p e of qu e r y 
The e x p l a n a t i o n of t h e c l u s t e r i n g t e c h n i q u e u s e d i s g i v e n i n 
Appendix 6 . 
The output o f t h e c l u s t e r i n g p r o c e s s g i v e s a maximum o f n 
p o s s i b l e c h o i c e s o f s u b s e t . U s i n g t h e i n p u t m a t r i x of 
F i g u r e 5.4 t h e c o s t of a n s w e r i n g t h e q u e r i e s i s e v a l u a t e d 
f o r e a c h s o l u t i o n s e t . The s e t h a v i n g t h e minimum c o s t 
i s c h o s en. One o f the p o s s i b l e s o l u t i o n s i s t h e c h o i c e o f 
a s i n g l e ' s u b s e t ' w i t h a l l t h e domains. T h i s i n d i c a t e s 
t h a t s p l i t t i n g i s not recommended. 
I\ d e t a i l e d example o f the c h o i c e o f t h e p a r t i t i o n s f o l l o w s . 
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Ex an sole: 
R e l a t i o n name i USE 
degree =13 



















number of references 
!3 7T1 A V.' | - t •2 i ir 4!: 
Number o f q u e r i e s examined - i3G 
Number o f m u l t i - d o m a i n q u e r i e s = 82 
Number o f s i n g l e - d o m a i n q u e r i e s = 54 
THE OUTPUT OF THE CLUSTERING PROGRAM WAS AS FOLLOWS 
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No, of 
Ti.-.rii l.'"-ia P a r t i t i o n s 
13 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
2 (3,6; (1,2,3,6,7,8,9,10,11,12,13) 
3 (3,6) (4,5) (1,2,6,7,8,9,1],12,13) 
3 (3,6,10) (4,5) (1,2,7,8,9,11,12,13) 
2 (£,4,5,6,10) (1,2,7,8,9,11,12,13) 
3 (3,4,5,6,10) (1,2) (7,8,9,11,12,13) 
4 (3,4,5,6,10.12) (1,2) (9,13) (7,8,11) 
4 (3,4,5,6,10,12) (1,2,11) (9,13) (7,8) 
3 (3,4,5,6,9,10,12,13) (1,2,11) (7,8) 
2 (1,2,3,4,5,6,9,i'J,11,12,13) (7,8) 
1 (1,2,3,4,5,6,7,8,9,10,11,12,13) 
T h i s i s d i f f e r e n t from s t a n d a r d c l u s t e r i n g i n t h a t i n th« l a t i 
t h e r i g h t m o s t s u b s e t i s c o n s i d e r e d u n c l u s t e r e d . Though t h e 
domains i n s u c h a s u b s e t do n o t p o s s e s s a s t r o n g s i m i l a r i t y , 
t h e y o r i g i n a l l y b e l o n g t o one r e l a t i o n . A l s o , t h e i i r s t s o t 
of s i n g l e domains does not appear i n a s t a n d a r d c l u s t e r i n g 
problem.. 
Now, the program c h o o s e s t h e s o l u t i o n s e t w h i c h o p t i m i s e s he 
s p l i t t i n g c r i t e r i o n . 
Optimum s e t : (3,4,5,6,10,12) (1,2) (7,8,9,11,13) 
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The c l u s t e r i n g o p e r a t i o n s a r c n o r m a l l y time consuming but i n 
t h i s a p p l i c a t i o n t h e number of c h a r a c t e r s and forms ( s e e 
Appendix 6) a r e s m a l l compared w i t h an a v e r a g e taxonomic 
problem. F i g u r e 5.5 shows the cpu time t a k e n t o c l u s t e r 
and choose t h e optimum s p l i t t i n g s e t f o r r e l a t i o n s of 
d i f f e r e n t d e g r e e s . I t s h o u l d be n o t e d t h a t t h i s w i l l be 
the a c t u a l o v e r h e a d i n c u r r e d by a d a t a base s y s t e m a t the 
time of r e o r g a n i s a t i o n b e c a u s e e x a c t l y t h e same p r o c e s s v / i l l 
be f o l l o w e d . 
I t i s t h e r e f o r e a p p r o p r i a t e t o c o n c l u d e t h a t t h e o v e r h e a d 
c o s t o f s p l i t t i n g i s s m a l l compared w i t h t h e c o s t s r e l a t e d 
t o p r o c e s s i n g r e l a t i o n r , of J a rge d e g r e e s . And t h a t t h e 
s p l i t t i n g can be performed a u t o m a t i c a l l y a'c n t o l e r a b l e 
o v e r head. 
F o r t r a n Program 
No. o f cpu time ( s e c ) V i r t u a l Mc-.mozy 
Query Types IBM 360/6^ Kb 
1 l e s s t h a n 142 
12 142 
167 180 








The o v e r h e a d o f c h o o s i n g t h e s u b s e t s o f a r e l a t i o n 
F i g u r e 5.5 
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B. TUPLEWISE SPLITTING 
A r e l a t i o n R i s s p l i t a c c o r d i n g t o the. v a l u e o f a g i v e n domai 
The r e s u l t i n g p o r t i o n s a r e t h e m s e l v e s r e l a t i o n s . These 
p o r t i o n s a r e formed by s e l e c t i o n s s p e c i f y i n g a c e r L a i n v a l u e 
o i a r ange o f v a l u e s o f t h e s p l i t t i n g domain. R e l a t i o n R 
i s s e e n as the u n i o n o f t h e s e p o r t i o n s and t h e r e l a t i o n . R: 
L rem 
formed by the r e m a i n i n g t u p l e s which do not s a t i s f y t h e 
s e l e c t . ! one, 
i . e . f o r a r e l a t i o n o f n p o r t i o n s 
n 
R = U P . where P =R. 
j = l 3 n rem 
T h i s s p l i t t i n g h a s t h e f o i l owing a d v e n t a y e x : 
( i ) I t r e d u c e s the cpu and t h e a c c e s s t i m e s f o r q u e r i e s 
r e q u i r i n g t h e s p l i t t i n g domain o r s e l e c t i o n s w i t h 
c o n j u n c t i v e b o o l e a n f i l t e r s c o n t a i n i n g t h e s p l i t t i n g 
domain, 
e.g. i n Example 1 
SELECT FROM CHEMISTRY(OXIDE=FE203SQUANTITY>10); 
( i i ) As shown i n Example 1, i t i s p o s s i b l e t o s a v e s t o r a g e 
s p a c e by removing t h e o b j e c t s of t h e s p l i t t i n g domain 
i n t h e p o r t i o n s . T h i s can be done i f t h e r e l a t i o n 
i s s p l i t on s p e c i f i c v a l u e s of the s p l i t t i n g domain 
r a t h e r t h a n a r ange o f v a l u e s . 
The d i s a d v a n t a g e s o f t u p l e w i s e s p l i t t i n g a r e t h e f o l l o w i n g ; 
( i ) E a c h update r e q u i r e s some c o m p a r i s o n s (of t h e o r d e r 
n l o g 9 n o r n/2 c o m p a r i s o n s depending on t h e o r g a n i s a t i o n 
o f t h e p o r t i o n s i n d e x ) . Updates may a l s o need t o 
a c c e s s more t h a n one p o r t i o n depending on t h e v a l u e s 
of t h e s p l i t t i n g domain and o f t h e u p d a t i n g t u p l e s . 
( i i ) Q u e r i e s r e q u i r i n g t h e o t h e r domains or s e l e c t i o n s 
h a v i n g d i s j u n c t i v e b o o l e a n f i l t e r s c o n t a i n i n g t h e 
s p l i t t i n g domain w i l l need t o a c c e s s . m o r e t h a n one 
p o r t i o n . T h i s i n c r e a s e s the a c c e s s t i m e . 
1. The l e v e l s i n t h e h i e r a r c h y 
As s e e n i n Example 1. i t i s p o s s i b l e t o f u r t h e r s p l i t t h e 
p o r t i o n s t i l l t h e number of l e v e l s i n the h i e r a r c h y i s e q u a l 
t o t h e number of domains o f t h e r e l a t i o n : I t w i l l , however, 
be d i f f i c u l t t o update the r e s u l t i n g t r e e o! re.urc.J.u.').s, 
o b j e c t s , t h e management of the a v a l a n c h e o f t h e r e s u l t i n g 
r e I c i t j.'.'Os i s i.tii.j 1 o'uf-;. The u£><s of ' l i i ' i i o j i o.nd t h e oi l"":--?." 
r e l a t i o n a l o p e r a t o r s w i l l be e x h a u s t i n g . 
T h e r e f o r e , i n t h e c o n t e x t o f r e l a t i o n s , t h i s . s p l i t t i n g a h o u l d 
be t h o u g h t o f as f o r m i n g a o n e - l e v e l h i e r a r c h y of r e l a t i o n s . 
I f , however, a f t e r r e o r g a n i s i n g t h e d a t a b a s e t h e p o r t i o n s 
a r e s t o r e d as b a s e r e l a t i o n s and r e l a t i o n R i s d e f i n e d as 
t h e i r u n i o n , t h e n e a c h o f the p o r t i o n s may be f u r t h e r s p l i t 
a s an i n d e p e n d e n t r e l a t i o n . 
On t h e o t h e r hand, i f e ach p o r t i o n i s f u r t h e r s p l i t on t he 
same s p l i t t i n g domain, a m u l t i - l e v e l h i e r a r c h y w i l l be formed. 
T h i s t y p e o f s p l i t t i n g n a r r o w s t h e range o f the v a l u e o f t h e 
s p l i t t i n g domain c o v e r e d by t h e p o r t i o n , as w i l l be d i s c u s s e d 
l a t e r . 
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Example 1 
C h e m i s t r y 
R e ! # Oxide Q u a n t i t y 
1 AL2G3 10 
1 S I 2 0 3 50 
1 FE203 8 
1 CAO 7 
2 AL203 15 
2 FE203 12 
2 S I 2 0 3 40 
3 CUO 3 






1 CAO 7 
3 t:00 3 
OR CHEMISTRY 
1 AL203 10 1 S I 2 0 3 50 1 CAO 7 
1 FE2 03 8 2 S I 2 0 3 40 3 CUO 3 
2 15 
2 FE203 12 
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2 • The P£P f i t a b i l i t y of the_me ttrod 
Let us follow a s i m p l i f i e d example from which we can draw 
some i n f e r e n c e s regarding the p r o f i t a b i l i t y of.the method. 
Assume a r e l a t i o n I< i s s p l i t i n t o i equal p o r t i o n s . 
Let the nuirih"?r of t u p l e s of the "whole r e l a t i o n be M 
the c o s t of the cpu time per o b j e c t comparison be 1 u n i t 
the c o s t of access time f o r moving from one 
portion to the other be W u n i t s 
the frequency of q u e r i e s and updates of j subsets f.. 
( 
The cost of processing a k-domain select.! on before s p l i t t i n g 
= kM + W (l<k<deqree of R) 
A f t e r s p l i t t i n g : 
Queries on domains other tnan the s p l i t t i n g domain w i l l 
r e q u i r e a l l the i po r t i o n s and. w i l l c o s t 
f ±(kM + iW) 
Queries on the s p l i t t i n g domain and s e l e c t i o n s having 
conjunctive boolean f i l t e r s containing the s p l i t t i n g domain 
r e q u i r e one or more por t i o n s 
±\ x j x ( j ^ + W) j = l , . . . , i - l 
kM 
.*. Cost with s p l i t t i n g = ( — + W) . y ^  j . f ^  
for the s p l i t t i n g to be p r o f i t a b l e 
[ ~ + W) . V j . f . < (kM. + W) 
X 3^ 
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I f we assume t h a t a l l q u e r i e s on the s p l i t t i n g domain w i l l only 
r e q u i r e one of the subsets, i . e . f ^.=0 K~2, ...,1-1; the above 
expression reduces to 
kM 
(•r— + W) (fjL + i.f.) < (kM + W) 
i . e . ( ~ + W) ( f x -i- 1 ( 1 - ^ ) ) < (kM + W) which s i m p l i f i e s to fj_ > . ^  y _ 1 
1. - ' 1 ' '-
where i s the frequency of q u e r i e s r e q u i r i n g 
the s p l i t t i n g domain 
f.. i a the frequency of a i l the other 
q u e r i e s 
The improvorncnt i n pcrroriXtGriCc: iri c r ^ c i s e s Vut.ii Lhe AiujiuJe-i. oi. 
t u p l e s of the r e l a t i o n . The i n c r e a s e i n i improves the 
performance i f Lhe r requf-ncy o.C q u e r i e s s a t i s f i e d by a sma l l e r 
number of portions i n c r e a s e s p r o p o r t i o n a l l y . 
Tuplewise s p l i t t i n g t r a d e s o f f the access.time f o r the cpu time-
I t i s i d e a l f o r a cpu bound system where the t u p l e s of r e l a t i o n s 
are s t o r e d unsorted, e.g. i n the g e o l o g i c a l data base the 
s p l i t t i n g of r e l a t i o n CHEMISTRY i n t o ten portions improved the 
performance s i g n i f i c a n t l y . I n Example 2 r.he r e s u l t s of 
s p l i t t i n g i n t o four p o r t i o n s are reported. I f the t u p l e s of 
the r e l a t i o n have already been s t o r e d s o r t e d to the s p l i t t i n g 
domain, the gain i n cpu time w i l l d i m i n i sh. 
The penalty for q u e r i e s r e q u i r i n g a l l the domains i s r e l a t i v e l y 
low because the union i s u s u a l l y l e s s cos'cly. 
Example 2 
A subset of r e l a t i o n CHEMISTRY was s p l i t on the second domain 





An a p p l i c a t i o n program managed the access to the 4 por t i o n s 





2. . T.O.AD (CHEMISTRY) : 
SELECT(OXIDE=SI203) 
&QUAHTITY>40); 
3 , LOAD (CHEMISTP.Y) ; 
SELECT(Ref#=212); 





u n i t s 
60 
u n i t s 
39 
u n i t s 
58 








LOAD (STT.TCOT-n : 1 2 
SELECT(QUANTITY>10); u n i t s 
LOAD(ALUMINIUM); 5 4 







SELECT(Ref#=212); u n i t s 
In t h i s system of q u e r i e s of type 1,2 and 4 account f o r over 
25% of the q u e r i e s , the s p l i t t i n g w i l l be j u s t i f i e d . The 
frequencies of r e f e r e n c e to r e l a t i o n CHEMISTRY i n Figure 1.6 
j u s t i f y the s p l i t t i n g . 
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3. ' The choice of the s p l i t t i n g domain 
A novice user w i l l be embarrassed i f he i s asked to i n d i c a t e 
the p o s s i b l e s p l i t t i n g domains or the domain involved i n the 
majority of h i s q u e r i e s . The choice of the s p l i t t i n g domain 
should t h e r e f o r e be automatic and i s made when the data base 
i s reorganised. The frequencies of r e f e r e n c e to the domain 
alone and i n conjunctive boolean f i l t e r s are kept f o r each 
domain. I f the domain with the h i g h e s t sum of frequencies 
s a t i s f i e s the s p l i t t i n g u r i l e r i o n (a g e n e r a l i s a t i o n of the 
forementioned one), the s p l i t t i n g i s performed. 
The r e f e r e n c e s are weighted f o r the recency of usage, i . e . a 
ref e r e n c e t o domain k at time=t 
u k = u k + t 
where u^ i s the weighted r e f e r e n c e f o r domain k. 
4. The formation of portions 
Given the s p l i t t i n g domain there are two p o s s i b l e methods f o r 
s p l i t t i n g the r e l a t i o n : 
4.1 The s t a t i c method 
(a) The s p l i t t i n g domain i s scanned and the range 
between i t s lowest and the hi g h e s t object values 
i s d i v i d e d by the number of the r e q u i r e d portions 
t o give the l i m i t s of the ranges of the value f o r 
each p o r t i o n . The r e s u l t i n g p o r t i o n s w i l l be 
unequal i n s i z e . 
(b) The re f e r e n c e t o the po r t i o n s i s monitored and 
acco r d i n g l y portions are f u r t h e r s p l i t as i n (a) 
DEFINITIONS QUERIES 
a b c 1—~i 
R 
( a = s p l i t t i n g domain) Ql: s e l e c t ( a > 2 ) ; 
R =S 1u S 2 
s 2 = s 3 u s 4 
S l = S 5 u S ( 
S 6 = S 7 U S 0 








S 7 S 8 10 
Q2: select(a>3&b<5); 
Q3: S R ! et't i c—10) • 
^ V • ' \ -1. V—. ^ V-i r A U 




A d i r e c t e d graph with 
closed loops. At 
8 S 1 0 
most one branch e n t e r s 
a node. 
Note: R e l a t i o n s S^ . ,S.^  ,Sg,Sg , a n d S^ are now base r e l a t i o n s 
( i . e . the t e r m i n a l nodes are base r e l a t i o n s ) . 
R e l a t i o n s R,S,,S_,S^ and S 0 are defined s p l i t r e l a t i o n s . I 7 2 D 3 
Figure 5.6 
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or they are united together such t h a t the 
re f e r e n c e s are more uniformly d i s t r i b u t e d 
among them. 
The set-up time i s the major overhead. The performance i s 
not very s e n s i t i v e to non-uniformly d i s t r i b u t e d frequency of 
re f e r e n c e to p o r t i o n s . Though the portion having a very low 
frequency of re f e r e n c e degrades the performance by i n c r e a s i n g 
the a c c e s s time, yet i t prevents the waste of cpu time by not 
being scanned more f r e q u e n t l y . 
4.2 The dynamic method 
As i n Fig u r e 5.6, a s e l e c t i o n on domain ! a s i s s a t i s f i e d by 
s p l i t t i n g R i n t o two p o r t i o n s ; one providing th^j vuu-v-er Co.'. 
the query and the etner has the remcunmg t u p l e s c i-.cicitucn . 
i s defined as the union of the two p o r t i o n s . A s e l e c t i o n 
leau.-i ho a s p i l l , of c> p o r t i o n i f i t s bool^eui f i ] t e i oonta.-ns 
the s p l i t t i n g domain only or i f i t contains the s p l i t t i n g 
domain i n " a conjunctive e x p r e s s i o n . I n both cases the value 
range s p e c i f i e d ' f o r the s e l e c t i o n should be continuous. 
The weighted frequency of r e f e r e n c e f o r each p o r t i o n i s kept. 
When the number of portions exceeds a s p e c i f i e d number, some 
of the po r t i o n s are pruned and the others are allowed to grow 
( s p l i t ) f u r t h e r . The p a i r of leaves (portions) having the 
s m a l l e s t frequency of re f e r e n c e i s united and the d e f i n i t i o n 
of i t s predecessor i s dele t e d . 
e.g. I n Figure 5.6 i f and Sg are to be pruned, i s made 
a base r e l a t i o n and i t s d e f i n i t i o n i s deleted. 
181 
The dynamic method has the advantage of f o l l o w i n g the p a t t e r n 
of r e f e r e n c e s . No major overhead i s i n c u r r e d when portions 
are s e t up because one of each p a i r answers a query. Another 
advantage i s t h a t s i n c e a l l the generated d e f i n i t i o n s contain 
union operations only, complicated q u e r i e s do not cause 
c o m p l i c a t i o n s , e.g. A j o i n R w i l l give 
A j o i n S 1 U A j o i n S 9 e t c . 
I t i s however cumbersome to maintain the p o r t i o n s and to 
program the management of pruning and s p l i t t i n g of p o r t i o n s . 
The t r e e w i l l permanently be i n f l u e n c e d by the f i r s t few 
s p l i t s and so some que r i e s w i l l continue to be answered by 
more than one p o r t i o n i r r e s p e c t i v e of t h e i r frequency. n.g. 
(Q7 i n the example) because only one branch can enter a node. 
T h i s disadvantage i s removed by r e o r g a n i s a t i o n . 
5 r C'jjiij'a/."iijon b^tv/e^ri the' t.uplewise s p l i t t i n g r.nd tr.c 
indexed s e q u e n t i a l o r g a n i s a t i o n 
The o r g a n i s a t i o n of the p o r t i o n s of the r e l a t i o n d e s c r i b e d 
above bears some s i m i l a r i t i e s to the indexed s e q u e n t i a l 
o r g a n i s a t i o n . Since the l a t t e r i s a w e l l - e s t a b l i s h e d method, 
i t w i l l be u s e f u l f o r the implementer of the above recommenda-
t i o n s t o borrow some of i t s techniques and to l e a r n from i t . 
Tuplewise s p l i t t i n g of 
r e l a t i o n s 
A method f o r 'organising' 
r e l a t i o n s a t l o g i c a l l e v e l . 
Indexed s e q u e n t i a l 
o r g a n i s a t i o n 
A method for the organisa-
t i o n of f i l e s at p h y s i c a l 
l e v e l . 
A union of the p o r t i o n s i s 
formed when emeries r e q u i r e 
Processes a f i l e s e r i a l l y 
with the advantage of random 
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Tup lev; i s e s p l i t t i n g of 
domains other than the 
s p l i t t i n g domain. (The 
union should not n e c e s s a r i l y 
i n v o l v e the p h y s i c a l l i n k i n g 
of one por t i o n with another.) 
For other q u e r i e s only a 
subset of the portions i s 
scanned. 
Indexed s e q u e n t i a l 
organi c u t i o n 
access to s k i p i n a c t i v e 
r e cords. 
I t ha=! ^n a s s o c i a t e d .index 
which maps object values onto 
r e l a t i o n s . The index may 
ut2 bui.L'i.. r i i i t o n i a L - L c a i J - V . 
May be reformed at the u s ? r 
l e v e l . 
The overhead due to updates 
i n c r e a s e s a f t e r s p l i t t i n g . 
The index i s not a f f e c t e d 
by the updates. 
I t has an a s s o c i a t e d index 
(or access f i l e ) which maps 
key values onto l'j'.:iit:i on oi 
•'rl - ~V ' --'-5 . ~ — 
^ Vwl J - O J V J U U ^ t J . 1 ' <j< >_r 1 * 
indexes exist: at each l e v e l 
of the I;.Lfc?.L;:'.! ciiy •. 
U s u a l l y reformed a t the system 
lev e 1 . 
The f i l e i s a l t e r e d and copied 
f o r each update. The index 
i s a l s o a f f e c t e d by the updates, 
However, with s l i g h t m o difica-
t i o n to the index technique, 
i n s e r t i o n s can be held i n an 
'overflow' a r e a assigned to the 
c y l i n d e r , thus avoiding the 
copying a f t e r updates. 
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Tuplev/_ise s p l i t t i n g of xndexect se;guen tia 1 
r e l a t i o n s ' o r g a n i s a t i o n 
Needs p e r i o d i c r e o r g a n i s a t i o n Needs p e r i o d i c r e o r g a n i s a t i o n 
to r e d i s t r i b u t e the value to r e s t o r e i t i n t o a s e r i a l 
ranges i n accordance v/ith f i l e , 
the r e f e r e n c e p a t t e r n . 
6. F i n a l remark 
The improvement i n the performance of tuplewise s p l i t t i n g w i l l 
d iminish to a varying extent i f ; 
(a) the d i s t r i b u t i o n of the querj.es among the most 
fr e q u e n t l y r e f e r e n c e d domains i s n e . r l y uniform, 
(b; the p a t t e r n of r e f e r e n c e i s ^ery "--p-;<l"!y changing. 
(c) the t u p l e s are s o r t e d on the most f r e q u e n t l y 
r e f e r e n c e d domain. 
h s p e c i a l indexing technique i s appropriate f o r the above three 
cases and i s d e s c r i b e d i n the next chapter. 
Chapter 
DEFINED RELATIONS AS INDEXES 
I n t r o d u c t i o n 
The use of index f i l e s for a c c e s s i n g records, on the b a s i s 
of secondary key v a l u e s , i s a common feature, i n information 
systems= The advantage of indexing i s the improvement of 
the response time. I f a domain w i t h i n a r e l a t i o n were to 
have an a s s o c i a t e d index, then an object w i t h i n t h a t domain 
can be s e l e c t e d "without r e q u i r i n g a s e r i a l s earch through 
the domain. The use of indexes for reducing the j o i n 
operation time has been d i s c u s s e d by [Palermo 1972 J. 
The s e l e c t i o n of the key domains ( f i e l d s ) i s of great 
importance and i s a major f a c t o r that leads to the improve-
ment in thp. performance. Two p o s s i b l e ways to approach 
the problem of s e t t i n g up indexes f o r a r e l a t i o n a r e : 
(a) Form indexes f o r a l l domains i n a re.lat.ion 
i n a n t i c i p a t i o n of p o s s i b l e q u e r i e s . T h i s 
has the disadvantage of wasted storage space 
and processor time f o r indexes which may 
never be used. 
(b) Form indexes f o r only those domains t h a t are 
frequently used as search keys. Bearing i n 
mind t h a t a c o n s t a n t l y changing p a t t e r n of 
q u e r i e s would r e q u i r e the d e s t r u c t i o n and 
r e c r e a t i o n of indexes, t h i s method leads to 
b e t t e r secondary storage u t i l i z a t i o n but 
•i r>r J . O J 
problems i n monitoring. 
In t h i s chapter an attempt i s made f o r s o l v i n g t h i s problem 
w i t h i n the scope of r e l a t i o n a l data bases by employing the 
defined r e l a t i o n s c a p a b i l i t y . The d i s c u s s i o n c o n s i s t s of: 
(1) the defined r e l a t i o n s as indexes and the 
r e s u l t s of experiments which support t h i s 
approach. 
(2) a d e t a i l e d c o n s i d e r a t i o n of the choice of 
the donfains to be indexed and the stage 
at which the indexing should be done. 
(3) indexing as a form of r e l a t i o n s p l i t t i n g . 
•1 The defined r e l a t i o n s as indexes 
For r e l a t i o n R of degree n and c a r d i n a l i t y m 
define r e l a t i o n s R^, i . e . ( i = l , 2 , 3 , . . . , n ) 
Each of these n r e l a t i o n s i s defined on K as 
R i — FORMINDEX ( i , R ) ; 
In IS/1..0 t h i s i s as f o l l o w s : 
DEFINE (*1*R); /*DEFINE RELATION R l * / 
LOAD (R ) ; 
FORM ( 1 ) ; /*FORMS AN INDEX ON DOMAIN 1 */ 
END; 
The a p p l i c a t i o n program (FORM) which forms the index does 
the f o l l o w i n g (see Figure 6.1); 
(a) I t forms a binary r e l a t i o n , the f i r s t domain being the 
domain of R which i s going to be s o r t e d . The second 
domain i s a p o i n t e r to a p o s i t i o n i n R (or a tuple 
number of R ) . 
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R 1 
1 800 HASWELL 
2 50 SHERBURN 
3 1 NEWCASTLE 
4 2 7 DURHAM 
5 40 PETERLEE 
Before s o r t 







AfLer s o r t 
Domain 1 








b ( i ) 
In the implementation R^,R2». 
S i m i l a r l y : 
A f t e r s o r t 
Domain 2 
of R P o i n t e r (tuple'') 
P o i n t e r (tuple#) 
The tuple numb'.-r of the 
ksmallec-1{. 
/••largest J 
i n domain i 
;• o b i e c t value 
b ( i i ) 
are r e f e r r e d to as * 1*R,*2*R, . 
Poin t e r (tuple*) 
R. Durham 4 4 
Haswell 1 OK i 
Newcastle •> ~j 3 




(b) I t s o r t s the binary r e l a t i o n on the key domain. 
Two v e r s i o n s are a v a i l a b l e : 
i ) the defined index i s a binary r e l a t i o n ' o f a 
key and a p o i n t e r (Figure 6.1 b(i))» When 
s e l e c t i n g a value the binary index i s searched 
by a binary chop and the r e s u l t i s a s e t of 
keys (or n u l l ) and t h e i r p o i n t e r s , 
i i ) a unary r e l a t i o n i s formed (Figure 6.1 b ( i i ) ) -
I t i s a ' l i s t of p o i n t e r s to the o b j e c t s of 
the source domain which have got a s i m i l a r -
p o s i t i o n when sor t e d . T h i s type, saves the 
storage of the key domain and :! s u s R f ' s j f o r 
domains of la r g e s i z e , e.g. 50 bytes domains 
of r e l a t i o n s Reference and Geography. I t 
consumes access time i n r e f e r r i n g back to 
r e l a t i o n K f o r each o b j e c t comparison.. 
Sorting.: 
The s o r t i n g methods employed v;e.ve the Quicksort [Rich 19 72] 
and the two way merge adapted to : e t e r n a l s o r t i n g . The 
former i s u s u a l l y f a s t e r . The l a t t e r i s f a s t e r f o r semi-
sorted s t r i n g s of data such as the Reft' i n the g e o l o g i c a l 
data base. 
Updates: 
The update performance a f t e r indexing i s made up of two 
p a r t s : 
i ) improvement i n updating the main r e l a t i o n R i n the 
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.1.1) overhead due t o updating indexes. T h i s i s i n c u r r e d 
only when an index i s e x p l i c i t . The number of the 
e x p l i c i t indexes a f f e c t e d by the update depends on the 
update type and the domains involved. 
The t a b l e i n Figu r e 6.2 d i s c u s s e s the overhead due to each 
type of update. 
1.2 Experiments 
In t h i s s e c t i o n I intend to j u s t i f y the use. of defined indexes 
by showing the improvement i n the o v e r a l l performance of the 
data base brought about by such indexing. 
The data base f i l e had a Regional(1) o r g a n i s a t i o n . Regional(1) 
i s a PL/1 f i l e o r g a n i s a t i o n which allows the f i l e t o have 
d i r e c t or s e q u e n t i a l a c c e s s as w e l l as input or update 
C(PL/1(F) Language Reference Manual]. 
Within each r e l a t i o n the access to the t u p l e s v;as designed to-
be s e r i a l : For example, i f tuple 1000 i s requested when 
tuple 10 i s i n the b u f f e r , t u p l e s 11 and 99 9 have t o be passed 
before tuple 100 i s accessed. The o v e r a l l gain would have 
been many times higher i f the design was made bearing i n mind 
the p o s s i b i l i t y of such indexing. However, bhat was not one 
of the design o b j e c t i v e s of the e a r l y v e r s i o n of the e x p e r i -
mental system. 
The high read/write overhead of the experimental system has 
made the time of the s o r t , FIND and SELECT high. I n s p i t e 
of t h i s the experiments s t i l l give an i n d i c a t i o n of the power 
of the method of d e f i n e d indexes. 
I S O 
The FIND operator 
T h i s i s a PL/1 w r i t t e n routine which i s i n t e r f a c e d with the 
system v i a the system macros. I t c a r r i e s out. the funct i o n 
of the s e l e c t operator using indexes. 
I t works as f o l l o w s : 
e.g. LOAD(R); 
FIND(TOWN=PETEKLEE); 
i ) i t decodes the f i l t e r and i n i t i a l i z e s the search 
parameters. 
i i ) i t requests r e l a t i o n named 
> ;<the number of the domain whose name i s !TOWN:>*-"R 
e.g. * 2 *R 
111} u3ing* t i " i G indox r e l a t i o n and r e l a t i o n R, i t perironne 
a b i n a r y chop and outputs the r e s u l t . 
Comparison of SELECT and FIND times 
In the experimental system the c a r d i n a l i t y of the r e l a t i o n 
to be s e l e c t e d from should not exceed an a r b i t r a r y value of 
(3200). Therefore, the r e l a t i o n s GEOGRAPHY and MINERALNAiME 
have been chosen f o r the comparison between the SELECT and 
the FIND operators. 
F i g u r e s 6.3a and 6.3b shew t h a t i f an index i s created and 
refere n c e d a c e r t a i n number of times an improvement i n the 
response time i s achieved. Figure 6.4 i l l u s t r a t e s the case 
when the index i s made i m p l i c i t before a s u f f i c i e n t number 
of r e f e r e n c e s i s made to i t . Before i t recovers the over-
head of a s o r t another s o r t becomes imminent. In such a 
case indexing degrades the performance. 
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R e l a t i o n GEOGRAPHY 
c a r d i n a l i t y = 2208 
degree = 4 




2. The r e q u i r e d o b j e c t 
i s s m a l l e r t h a n t h e 
s m a l l e s t o b j e c t i n 
the domain 
LOAD(GEOGRAPHY); 
•SET'FCT (R."T?# = i ) ; 
LIST; 
3. The r e q u i r e d o b j e c t 
i s g r e a t e r t h a n t h e 
l a r g e s t o b j e c t i n 




CPU t i m e 
( u n i t s ) ( u n i t s ) 
LOAD(GEOGRAPHY); 
114.7 FIND(REF# = 888) ; 66,4 
LIST; 
101•8 FIND(REF# = 1 ) j ?1-] 
LIST; 
LOAD(GEOGRAPHY); 
113.7 FIND(REF#>3000); 54.1 
LIST; 
The t i m e t o c r e a t e 
t h e i n d e x ( i n c l u d e s 
t h e s o r t t i m e ) 
LOAD(* 1* GEOGRAPHY) ; 90* 
LIST; 
* N e t t t i m e w i t h o u t overheads 
FIGURE 6.3a 
R e l a t i o n MINERALNAME 
c a r d i n a l i t y = 2444 
degree = 2 
CPU t i m e 
( u n i t s ) 
1. A g e n e r a l s e l e c t i o n 
LOAD(MINERALNAME); 
SELECT(NAME='FEKRO 
KAERSUTITE'); 14 4.5 
LIST; 
2. Object, v a l u e t o o 
l a r g e (case 3 above) 
LOAD(MINERALNAME); 
SELECT(NAME=XEN OTIME) ; 12 8.8 
LIST; 
and t h e r e s u l t 
LOAD(MINERALNAME); 
SELECT(REF#>2500 & 
NAME=HORNBLENDE); 2 56.4 
LIST; 
4. D i s j u n c t i v e f i l t e r 
LOAD(MINERALNAME); 
SELECT(REF#=200 I 
REF #=5) 22 8.4 
LIST; 
CPU t i m e 
( u n i t s ) 
LOAD(MINERALNAME); 
FIND(NAME='FERRO 
KAERSUTITE'); 7 8 . 
LIST; 
LOA.D (MINERALNAME) ; 










The t i m e t o c r e a t e 
t h e i n d e x 




c = 2 2 0 8 tuples 
U J 2 0 0 to 
\ !50 a: UJ V \ S E L E C T £ 100 
Fl \ FIND 
I 1 1 1 1 1 1 1 1 — 
I 2 3 4 5 6 7 6 9 
Q U E R Y NUMBER 
(a) Example of a c a s e where indexing improves the performance 
Response time 
Cumulat ive r e s p o n s e time 
Average response time = ; 
m"tr or cj'JSf.GC 





< o r 





two consecut ive 
?or ts 
S E L E C T 
\FJND 
1 1 1 T 1 1 1 1 1 
I 2 3 4 5 6 7 8 9 
Q U E R Y N U M B E R 
.(b) Example of a c a s e where indexing degrades the performance 
F ig 6 - 4 
J.94 









m / SELECT 
FIND 
160 140 120 100 8 0 6 0 4 0 2 0 0 
QUERY NUMBER 
Fig 6 -5 Ef fect of Indexing on performance (Theoretical) 
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Some o t h e r f u n c t i o n s were adapted t o make use o f t h e i n d e x e s . 
T h i s reduces t h e t i m e s o f these f u n c t i o n s and lowers t h e 
o v e r a l l average response t i m e . Examples o f these f u n c t i o n s 
are t h e IS/1.0 MINIMUM. MAXIMUM, REMOVE, INTERSECT and DIFFER. 
e.g. LOAD(R); 
MINIMUM(2); /*FINDS t h e s m a l l e s t o b j e c t i n domain 2. 
C a l l s i n d e x *2R */ 
LOAD(R); 
MAXIMUM(2); e t c . 
However, t h e r e s u l t s o f t h e above e x p e r i m e n t s do n o t f u l l y 
j u s t i f y t h e use o f such indexes because t h e d i s k s t o r a g e space 
has n o t been t a k e n i n t o account.and because t h e r e s u l t s 
o b t a i n e d are i n f l u e n c e d by t h e c h a r a c t e r i s t i c s o f t h e iiuyleuien 
t a t i o n . 
However, F i g u r e 6.5 uses th« t h e o r e t i c a l v a l u e s t o d e p i c t t h e 
e f f e c t o f d e f i n e d indexes on r e t r i e v a l . 
2•1 A c r i t e r i o n f o r e f f i c i e n t i n d e x i n g 
As w i l l be e x p l a i n e d l a t e r , t h e e f f i c i e n c y o f i n d e x i n g depends 
on: 
(a) t h e r e f e r e n c e s t o t h e i n d e x 
(b) t h e t y p e o f r e f e r e n c e s whether updates o r 
r e t r i e v a l s . 
(c) t h e s t o r a g e a v a i l a b l e i n t h e system.. 
(d) t h e number o f t u p l e s i n t h e r e l a t i o n . 
To f i n d a c r i t e r i o n f o r choosing t he domain t o have an 
a s s o c i a t e d i n d e x , l e t us c o n s i d e r t h e f o l l o w i n g : 
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i ) A t any i n s t a n c e g i v e n t h e fre q u e n c y o f r e f e r e n c e t o t h e 
p r o s p e c t i v e i n d e x , i t s expe c t e d s i z e (depends on o b j e c t 
s i z e and c a r d i n a l i t y ) and i t s c r e a t i o n c o s t ( p r o p o r t i o n a l 
t o m log2m : where m i s t h e c a r d i n a l i t y ) ; t h e n i t i s 
p o s s i b l e t o e s t i m a t e t h e p r o b a b i l i t y o f t h e s u r v i v a l o f 
t h e i n d e x i n t h e e x p l i c i t f o r m , x, u s i n g t h e i s o s t o r a g e 
diagram (Chapter 4 ) . 
To e s t i m a t e the c o s t o f t h e computer t i m e f o r t h e 
c r e a t i o n and maintenance o f indexes we need t o know t h e 
c o s t o f t h e b a s i c components, i . e . the number o f t h e 
d i s k accesses and t h e number o f o b j e c t comparisons. 
• 
Here, t h e c o s t o f computer t i m e i s assumed t o be p r o p o r -
t i o n a l t o t h e number o f comparisons because: 
(a) t h e number o f d i s k accesses i s r e l a t e d t o t h e 
number o f comparisons i n t h e s i g n i f i c a n t 
o p e r a t i o n s , e.g. t h e s o r t and t h e s e l e c t j o n . 
(b) i t i s s i m p l e r t o e s t i m a t e t h e number o f 
comparisons. 
i i ) Number o f comparisons f o r a one domain s e l e c t i o n i f t h e 
domain i s n o t s o r t e d i s : 
m 
For each s e l e c t i o n f r o m an i n d e x e d domain 
2 + log2m comparisons are r e q u i r e d 
Whenever t h e i n d e x i s found i m p l i c i t , i t has t o be 
s o r t e d . The expe c t e d number o f comparisons = 
(1.3 86mlog 2m)(1-x) [Gerhard 19 74] 
where (1-x) i s t h e p r o b a b i l i t y o f t h e r e l a t i o n b e i n g 
i m p l i c i t . 
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i i i ) t h e updates: 
The example i n F i g u r e 6.2 shows t h a t : 
(a) an update c o n s i s t s o f two processes: ' l o c a t i n g 
t h e t u p l e and u p d a t i n g p a r t o r t h e whole t u p l e . 
(b) even i f t h e c o s t o f d i s k s t o r a g e i s n e g l i g i b l e 
and i n f i n i t e space i s a v a i l a b l e , an i n d e x may 
s t i l l degrade the performance (response t i m e ) 
when i t i s updated. I n t h e example, t h e i n d e x 
on domain Name has t o be updated f c r e v e r y 
i n s e r t i o n o r d e l e t i o n and f o r some v a l u e changes. 
• 
The l a t t e r p o i n t i l l u s t r a t e s t h e overhead o f k e e p i n g an 
i n d e x which i s n o t f r e q u e n t l y used f n r l o o t i n g tvsp 
I t i s t h e r e f o r e i m p o r t a n t t o hcive two r e f e r e n c e counts 
f o r each i n d e x : 
LOG t h e number o f t i m e s t h e i n d e x was used t o 
l o c a t e a t u p l ^ o r a group o f t u p l e s f o r 
r e t r i e v a l o r update; 
and MOD t h e number o f t i m e s t h e i n d e x was m o d i f i e d . 
A domain i n d e x t h a t does n o t improve t h e p r o c e s s i n g t i m e 
i s an overhead and s h o u l d be d e s t r o y e d , i . e . an i n d e x o f 
a domain must be d e s t r o y e d i f over a p e r i o d o f t i m e t h e 
e x p e c t e d number o f comparisons w i t h o u t h a v i n g t h a t i n d e x 
5 t h e number o f comparisons when t h e domain has an i n d e x . 
i . e . LOC . m < (LOC + MOD) . Log_m 
MOD 1 I LOC xog~m 
19 8 
r, / ™ ,\ , „ MOD 
or P > (-= 1) v;here P = 
Vlog„m J LOC 
I f t h e s o r t overhead i s i n c l u d e d , t h e n 
P > 
i v ) The c r i t e r i o n : 
B e f o r e c r e a t i n g an i n d e x t h e above c o n d i t i o n , P, must be 
s a t i s f i e d . 
Now, f r o m ( i i ) and ( i i i ) 
LOC . m >.£ 2 + l o g 2 m + 1. 4 (1-x) mlog ?mJ (LOC + MOD) 
i /' 1 \ 1 1 i . e . x > J. ^ + pj . 1 > 4 l o g - 1 > 4 m 
For l a r q e m 
x > \ l + PJ 1.4 l o g 2 m 
jfn 
where P < 1052^ 
I t s h o u l d be n o t e d t h a t x i s a f u n c t i o n o f the usage., c o s t o f 
c r e a t i o n and s i z e o f t h e ind e x (Chapters 3 and 4 ) , 
^ /(LOC + MOD) . 1.4 mloq 0m\ . , . , . i . e . x = f (_ ' where k i s a c o n s t a n t . 
V km / 
T h i s c r i t e r i o n i n s u r e s t h a t i f t h e i n d e x i s c r e a t e d , i t w i l l 
be used f o r l o c a t i n g t u p l e s f r e q u e n t l y enough t o j u s t i f y t h e 
overhead due t o t h e s o r t b e f o r e i t i s made i m p l i c i t . A t t h e 
same t i m e t h e o v e r a l l u t i l i s a t i o n o f d i s k space i s n o t i m p a i r e 
by u n j u s t i f i a b l y k e e p i n g t h e indexes p e r m a n e n t l y e x p l i c i t 
i r r e s p e c t i v e o f t h e i r usage r a t e . 
199 
2.2 The c h o i c e o f t h e domains t o be indexed 
(a) I n i t i a l l y we d e f i n e an i n d e x f o r each domain o f R e l a t i o n 1 
The p r i m a r y key domain ( i f known) i s made e x p l i c i t . 
(b) When domain j o f R i s r e f e r e n c e d t h e f o l l o w i n g p r o c e d u r e 
i s recommended: 
1) Update t h e r e f e r e n c e count o f i n d e x j . 
Depending on t h e type o f r e f e r e n c e update t h e 
l o c a t e (LOC) o r t h e m o d i f i c a t i o n (MOD) count . 
2) I f i n d e x j i s e x p l i c i t go t o 6. 
3) F i n d t h e p r o b a b i l i t y o f s u r v i v a l x 4 
S u b s t i t u t e x i n t h e c r i t e r i o n . I f t h e 
c r i t e r i o n i s s a t i s f i e d co t o b. 
4) Search Lh6 doi'uciii'i wiLhouL u s i n g an i n d e x . 
5) Create i n d e x j (In d e x j i s e x p l i c i t ) . 
6) Use t h e i n d e x t o answer t h e query, 
7) Stop. 
P e r i o d i c a l l y o r a t r e o r g a n i s a t i o n t i m e t h e e x p l i c i t i ndexes 
are i n s p e c t e d t o ensure t h a t t h e y possess t h e t h r e s h o l d r a t i o 
P, o f MOD t o LOC. A c c o r d i n g l y some indexes may have t o be 
f o r c e d i m p l i c i t . 
From t h e above arguments i t i s c o n v i n c i n g t h a t t h e c h o i c e o f 
th e domain t o be inde x e d s h o u l d be a u t o m a t i c . The u s e r and 
th e d a t a base a d m i n i s t r a t o r may be a b l a t o choose c o r r e c t l y 
t h e p r i m a r y key domain and one o r two secondary key domains 
o f a r e l a t i o n e N o r m a l l y i t i s r a t h e r d i f f i c u l t t o make any 
f u r t h e r c o r r e c t c h o i c e s i n a m u l t i - u s e r system. I f t h e 
a u t o m a t i c f e a t u r e s o f t h e system are c a r e f u l l y d e s i g n e d , t h e 
process o f choosing t h e secondary key domains must be a u t o m a t i c . 
3. I n d e x i n g as a form o f s p l i t t i n g 
Suppose a r e l a t i o n R has indexes a s s o c i a t e d t o most o f i t s 
domains and t h a t these indexes are formed i n accordance w i t h 
t h e above recommendations. T h i s i m p l i e s t h a t t hese indexes 
have a h i g h usage r a t e t h a t j u s t i f i e s t h e i r b e i n g e x p l i c i t . 
I t i s p o s s i b l e t o add a p o s i t i o n ( o r key) domain t o t h e p r o j e c -
t i o n o f R on t h e unindexed domains hence f o r m i n g a r e l a t i o n 
c a l l e d R 
rem 
R, R n R 1 3 rem 
(Va l u e , P o s i t i o n ) ' ( V a l u e , P o s i t i o n ) (domain2,domain4,position) 
x ^ X 
x 
R (doiuctinl ,cioiitc*in2 f dori'ictino ,doiVtain 4) 
The indexes R,,R0 and R ^ r e t h e n made base r e l a t i o n s and R i s x j rem 
d e f i n e d as a p r o j e c t i o n o f t h e e q u i j o i n o f a l l indexes and R 
r J 1 J rem 
T h i s i s recommended when t h e proposed s e t - u p s a t i s f i e s t h e 
s p l i t t i n g c r i t e r i o n d i s c u s s e d p r e v i o u s l y ( e q u a t i o n (6) Chapter 5) 
However, t h i s a l s o i n d i c a t e s t h a t t h e f o r m a t i o n o f secondary 
indexes u s i n g d e f i n e d r e l a t i o n s can be a f i r s t s t e p p r e c e d i n g 
t h e d e c i s i o n o f a d o p t i n g an i n v e r t e d f i l e o r g a n i s a t i o n f o r 
s t o r i n g a r e l a t i o n . 
4. Summary 
The above d i s c u s s i o n shows t h a t d e f i n e d r e l a t i o n s can be used 
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as secondary i n d e x e s . T h i s s o l v e s t h e d i f f i c u l t p roblem o f 
d e c i d i n g which domains t o be indexed and p r e v e n t s t h e wastage 
o f s t o r a g e due t o unused i n d e x e s . 
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CONCLUSION 
The v a r i o u s d a t a bases examined d u r i n g t h i s r e s e a r c h p r o j e c t 
e x h i b i t d i f f e r e n t c h a r a c t e r i s t i c s , i n p a r t i c u l a r t h e i r 
p a t t e r n s o f r e t r i e v a l and update v a r y c o n s i d e r a b l y . I t i s 
t h e r e f o r e necessary f o r g e n e r a l d a t a base systems t o be 
v e r s a t i l e enough t o cope w i t h such extremes, o t h e r w i s e t he 
da t a base d e s i g n may be e s t a b l i s h e d on unfounded assumptions. 
Therefore} a u t o m a t i c f e a t u r e s s h o u l d be b u i l t i n t o d a t a base 
systems so t h a t t h e y adapt t h e i r i n t e r n a l s t r u c t u r e t o t h e 
needs o f t h e user e n v i r o n m e n t . 
The f a c i l i t y o f d e f i n e d r e l a t i o n s i s a p o w e r f u l t o o l i n 
express .1 no t h « psnr's view a n d . i j i re p jeu t.'uiu thfV e f C^Ci o f 
v a r i a t i o n s o f t h e usacje p a t t e r n on t h e s t o r a g e t These 
advantages j u s t i f y t h e i r i n c l u s i o n i n any r e l a t i o n a l d a t a 
base. 
The LECS c r i t e r i o n , w h i c h t a k e s i n t o account t h e s i z e , c o s t , 
and f r e q u e n c y o f r e f e r e n c e and t h e dependencies among 
r e l a t i o n s , i s recommended as an a l g o r i t h m f o r managing t h e 
workspace o f d a t a bases. Experiments have shown t h a t i t 
i s r e l i a b l e and t h e o r e t i c a l a n a l y s i s shows t h a t i t i s a good 
a p p r o x i m a t i o n o f t h e a l g o r i t h m which g i v e s optimum p e r f o r -
mance. The LECS has a n e g l i g i b l e overhead compared w i t h 
t h e o r d e r o f c o s t i n c u r r e d i n d a t a base o p e r a t i o n s . 
The e x a m i n a t i o n o f a u t o m a t i c s p l i t t i n g has i n d i c a t e d t h a t 
i t s overhead i s n o t as c o s t l y as i t seems. T h i s a u t o m a t i c 
process tunes t h e s t o r a g e t o t h e usage p a t t e r n which r e s u l t s 
i n s i g n i f i c a n t improvement i n performance. 
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The d e f i n e d indexes o f f e r a method f o r i m p r o v i n g t h e response 
t i m e w i t h o u t i m p a i r i n g t he u t i l i z a t i o n o f d i s k space. Indexes 
are c r e a t e d when t h e usage p a t t e r n s , f o r t h e whole system, 
i n d i c a t e an o v e r a l l b e n e f i t t o t h e system. T h i s concept may 
be c a r r i e d over t o o t h e r date* bases w i t h minor m o d i f i c a t i o n s . 
The above-mentioned g a i n s i n performance are b r o u g h t about by 
matching t h e s t o r a g e requiremenLs t o t h e usage p a t t e r n s . I n 
t h i s manner t h e d a t a base system i s i n a c o n t i n u o u s process 
o f o p t i m i z i n g i t s performance. 
However, i t s h o u l d be mentioned t h a t t h e s e t t h e o r e t i c a l 
approach o f t h e r e l a t i o n a l model makes t h e f o r m u l a t i o n and 
a n a l y s i s o f d a t a base problems e a s i e r . A o a r t f r o m i t s o t h e r 
advantages . thr. r e 1 at.i.onn 1 model i s a t ."Ir.nst rt good veh"ir:lrc 
f o r . r e s e a r c h i n t h e f i e l d o f d a t a bases. 
Suggestions f o r f u r t h e r work 
The f o l l o w i n g are s u g g e s t i o n s f o r f u r t h e r work i n t h i s 
r e s e a r c h area: 
( i ) To t e s t t h e v a l i d i t y o f d e f i n e d r e l a t i o n s i n 
a r e a l i s t i c d a t a base s i t u a t i o n where t h e 
workspace i s managed by t h e LECS a l g o r i t h m . 
( i i ) A s p e c i a l m a t h e m a t i c a l f o r m u l a t i o n i s r e q u i r e d 
f o r t h e optimum cho i c e o f p o r t i o n s o f s p l i t 
r e l a t i o n s . 
( i i i ) To t e s t t h e concept o f d e f i n e d indexes i n a 
r e a l d a t a base s i t u a t i o n . 
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F i n a l l y , i t i s hoped t h a t t h e ideas p r e s e n t e d i n t h i s t h e s i s 
are s u f f i c i e n t l y v i a b l e t o s t i m u l a t e f u r t h e r i n v e s t i g a t i o n o f 







' ' I n t e r i m r e p o r t on t h e UKSC-GLC j o i n t 
p r o j e c t " , IBM(UK) S c i e n t i f i c C e n t r e , t o 






"The programmer as a n a v i g a t o r " , Communications 
o f ACM, November 19 73 
"Data space mapped i n t o t h r e e d i m e n s i o n s " , 
T e c h n i c a l Manager, Data Bank Systems, Honeywell 
I n f o r m a t i o n Systems, 1973 
"A s t u d y o f replacement a l g o r i t h m s f o r a 
v i r t u a l - s t o r a g e computer", IBM Systems J o u r n a l 
5, No.2, 78-101, 1966 
"On - l i n e measurement o f p a g i n g b e h a v i o u r by 
t h e m u l t i v a l u e d MIN a l g o r i t h m " , IBM J o u r n a l 
o f Research and Development 18, N o . l , 2-19, 
,1974 
BOYCE A.J, "Mapping d i v e r s i t y : A comparative s t u d y o f 
Proceedings o f t h e C o l l o q u i u m i n N u m e r i c a l 
T^y^nomy, Ur:ive?"?i !:y o f S i . Anv.r^s. "e^L^r 
1968, e d i t e d by A.J. C o l e , Academic P r e s s , 
London, 19 69 
BOYCE Raymond F, 
CHAMBERLIN. 
Donald D. 
. »-1 - i - . > J i ^ Uv \-i * A J i-J a. -X w .1 vrf a.L' 1 
a d a t a d e f i n i t i o n f a c i l i t y " , IBM .San Jose 





" S p e c i f y i n g q u e r i e s as r e l a t i o n a l e x p r e s s i o n s 










"On r e l a t i o n a l models and languages", I F I P 
TC2 Working Conference on "Data Base Management 
Systems", Cargese, C o r s i c a , A p r i l 19 74. 
( P r e p r i n t ) 
"ROBOT - A new approach t o database management", 
F o u r t h European Conference on EDP Developments 
i n Department S t o r e s , London, November 19 72 
"A n a r r a t i v e d e s c r i p t i o n o f t h e Burroughs 
B5500 Disk F i l e Master C o n t r o l Program", 
Burroughs C o r p o r a t i o n , D e t r o i t , M i c h i g a n , 1966 
"Design o f t r e e s t r u c t u r e s f o r e f f i c i e n t 
q u e r y i n g " , IBM San Jose, October 1312, RJ-I115 
"An autonomous r e a d i n g machine", IEEE Trans-








"G e n e r a l i s e d page replacement a l g o r i t h m s i n a 
r e l a t i o n a l d a t a base", Proceedings 19 74 ACM 
SIGFIDET Workshop on Data D e s c r i p t i o n , Acc.-j;-s 
and C o n t r o l , t o be a v a i l a b l e from ACM HQ, 1'j'J'i 
"Replacement a l g o r i t h m s f o r s t o r a g e management, 
i n r e l a t i o n a l d a t a bases", t o be p u b l i s h e d 
" F e a s i b i l i t y o f a s e t t h e o r e t i c d a t a s t r u c t u r e " , 
Proceedings o f t h ^ I F I P Congress 19 6 8 1 , 
420-430, N o r t h H o l l a n d P u b l i s h i n g Company, 
Amsterdam, N e t h e r l a n d s , 1968 
CODASYL CODASYL Data Base Task Group, Report on the 
CODASYL Programming Language Committee, Report 




CODASYL Systems Committee T e c h n i c a l R e p o r t , 
"Feature A n a l y s i s o f G e n e r a l i s e d Data Base 
Management Systems", ACM,- New York Ma^ " 1971 
"A r e l a t i o n a l model o f data f o r l a r g e shared 
d a t a banks", Communic^to n o.f ACM. V o l . ] 3. 
No. 6. -June 19 70 
CODD E . F . " R e l a t i o n a l campletentjss o f da La base sub-
languages", Computer Science Symposium 6, 
May 24-25 1971, e d i t e d by Randal R u s t i n , 
P r e n t i c e H a l l 










" F u r t h e r n o r m a l i z a t i o n o f t h e d a t a base 
r e l a t i o n a l model", IBM Research Report RJ-SG9, 
San Jose ( C a l i f o r n i a ) , August 31 1971 
"Normalized d a t a base s t r u c t u r e : a b r i e f 
t u t o r i a l " , IBM Research Report RJ-935, San 
Jose ( C a l i f o r n i a ) , November 3 1971 
"The s t a t i s t i c a l a n a l y s i s o f s e r i e s o f e v e n t s " 
Methuen & Co. L t d . , 1966, pp.37-58 
"The r e l a t i o n a l and network approaches: 
comparison o f t h e a p p l i c a t i o n programming 
i n t e r f a c e s " , Proceedings 1974 ACM-SIGFIDET 
workshop on Data D e s c r i p t i o n , Access and 
C o n t r o l , t o be a v a i l a b l e from ACM HQ 1974 
"Cobol e x t e n s i o n s t o handle a r e l a t i o n a l d a t a 
base", Report o f WP5, Advanced Programming 
Group, The B r i t i s h Computer S o c i e t y , October 
DEL03EL C. 
CASEY R.G. 
"Decomposition o f a d a t a base and. t h e t h e o r y 
o f boolean s w i t c h i n g f u n c t i o n s " , IBM J o u r n a l 
o f Research and Development, V o l . 1 7 , No.5, 
September 1973, pp.374-3 86 
207 
ENGLES R*W. 









GECSEI J . 
SLUTZ D,E, 







"A t u t o r i a l on data base o r g a n i s a t i o n " , Report 
TR 00,2004, IBM, System Development D i v i s i o n , 
Poughkeepsie, New York, 1970 
"Gene r a l i s e d language m u l t i p l i e r method f o r 
s o l v i n g problems of optimum a l l o c a t i o n of 
re s o u r c e s " , Operations Research, Vol.11, 
1963, pp.399-418 
"A c o s t a l l o c a t i o n model", Datamation, August 
1973, pp.60-65 
"Minimal storage s o r t i n g : a-comparison of 
d i f f e r e n t algorithms", Heidelberg S c i e n t i f i c 
Centre T e c h n i c a l Report, IBM (Germany), 
January 19 7 4 
J o i n t GUIDE/SHARE, "Data base management 
system requirements", V7.D. Stevens, S k e l l y 
O i l Co., T u l s a , Oklahoma 74102, November 1970 
"IBM System/360 Model 44 f u n c t i o n a l c h a r a c t e r -
i s t i c s , A22-6875-6 
"I n t r o d u c t i o n to IBM d i r e c t accsso storage 
devices and o r g a n i s a t i o n methods". IBM Trade 
Woild ^corporation 19 71, GC-20-1649-5, 
"The aart of computer programming", Vol.3, 
" S o r t i n g and s e a r c h i n g " , Addison-Wesley, 1973, 
pp.506-542 
"E v a l u a t i o n techniques for storage h i e r a r c h i e s 
IBM Systems J o u r n a l 9, No.2, 78-117, 19 70 
ACM Computer Reviews, March 1974. Review 
no. 26,533. 
"A survey of s t o r e management techniques" i n 
"Operating Systems Techniques", APIC s t u d i e s 
i n data p r o c e s s i n g , No.9, C.A.R. Hoare and 
R.H. P e r r o t t Eds,, Academic P r e s s , London and 
New York, 1972 
"MTS Users Manual", U n i v e r s i t y of Newcastle 
upon Tyne, March 19 71, p.18 
"The P e t e r l e e I S / 1 System", IBM(UK) S c i e n t i f i c 
Centre Report, March 19 72, UKSC 0018 
"Data s t r u c t u r i n g f a c i l i t i e s i n commercially 
a v a i l a b l e DBMS", Computer B u l l e t i n , S e r i e s 2, 
No.1» September 197 4 
208 
PALERMO F.P. "On c o n s e r v a t i v e l y composable r e l a t i o n s " , IBM 
Research Report, August 27 .19 70, RJ-790 
PALERMO F.P. "A database search problem", IBM San Jose 
( C a l i f o r n i a ) , J u l y 1972, RJ-1072 
PHILLIPS 
PL/1 
















"An a p p l i c a t i o n example of the CODASYL-DBTCi 
proposal' 1, P h i l l i p s - E l e c t r o l o g i c a BV, Main 
Marketing Group Computer Systems, Apeldoorn, 
The Netherlands, June 1973 
"PL/1(F) Language Reference Manual", IBM 
GC2 8-82 01-4, IBM Reference L i b r a r y , 19 70 
" I n t e r n a l S o r t i n g Methods", P r e n t i c e H a l l , 
I n c . , 1972 
"Decomposition of f i l e s , a b a s i s f o r data 
storage and r e t r i e v a l " , IBM Research Report 
RJ-12 20, May 19 73 
* 
" D e t a i l s of a s c i e n t i f i c approach to 
information systems". Computer Science 
Symposium 6,- May 24-25 1971., e d i t e d by 
Randal R u s t i n , P r e n t i c e H a l l 
"Data s t r u c t u r e and a c c e s s i n g i n data base 
systems", IBM Systems J o u r n a l , Vol.12, No.l, 
1973 
"The CODASYL data base approach: A Cobol 
example of design and use of a personnel 
f i l e " , Systems and Software D i v i s i o n , I n s t i t u t e 
of Computer Sci e n c e s and Technology, N a t i o n a l 
Bureau of Standards, USA, February 19 74 
" S e l f o r g a n i s i n g Data Management Systems", 
The Computer J o u r n a l , Vol.16, No.2, pp.100-105 
"A programming language approach to secure 
data base a c c e s s " , IBM Los Angeles S c i e n t i f i c 
Centre T e c h n i c a l Report G320-266, 2 May 19 74 
"Implementation of the j o i n operator i n 
r e l a t i o n a l data bases", I E E Colloquium on 
"Information S t r u c t u r e and Store O r g a n i s a t i o n " , 
Savoy P l a c e , Londoi., March 1974 (to be published) 
"CLUSTAN USER", Computing Laboratory, U n i v e r s i t y 
of S t . Andrews, S t . Andrews, F i f e , Scotland, 
1969 (obtainable from the author) 
209 
A P P E N D I X 
DEFINITIONS 
THE RELATIONAL MODEL 
1. B a s i c d e f i n i t i o n s 
The b a s i c formal d e f i n i t i o n s are given f i r s t i n s e c t i o n 1.1. 
They are followed by more informal d e f i n i t i o n s i n s e c t i o n 1.2, 
1.1 F o r r n a l _ b a s i c _ d e f i n i t i o n s [From Codd August 1971] 
( i ) Given s e t s D^ ,D£ ,. . . * D N (not n e c e s s a r i l y d i s t i n c t ) ,-
R i s a r e l a t i o n on these n s e t s i f i t i s a s e t of 
elements of the form(d,,d~,...,d ) where d.t D. f o r 
each j = l / 2 , . . . / n , i . e . R i s a subset of the C a r t e s i a n 
u r o u u c t D. )i ]). x ... x D , D. j.s r e f e r r e d to as ^ i i n j 
th 
the i " domain of R. The eIp.jn^nts of a r e l a t i o n of 
degree n are c a l l e d t u p l e s . 
( i i ) A data base i s a f i n i t e c o l l e c t i o n of time va r y i n g 
r e l a t i o n s of a s s o r t e d degrees. 
Each d i s t i n c t use of a data base domain i n d e f i n i n g 
r e l a t i o n R i s c a l l e d an a t t r i b u t e of R. For r e l a t i o n 
R the a t t r i b u t e names are the domain names. 
( i i i ) P r o j e c t i o n : The p r o j e c t i o n of R on the a t t r i b u t e 
l i s t A designated ^ i s defined as 
" ^ ( R ) = |r.A:reR^ 
( i v ) J o i n : L e t 0 denote any of the r e l a t i o n s =,+,<,s(> 
and >. The j o i n of r e l a t i o n R on domain B with 
r e l a t i o n S on domain C i s defined by 
RCB0'C]S = { ( r ~ s ) : r e R/\ s, e.S ^  (rC B] 9 SLC ] ) | , 
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provided t h a t every element of R[B] i s Q-comparable 
with every element of S[BJ. 
[x i s G-comparable with y i f x 0 y i s e i t h e r true or 
f a l s e but not undefined;] 
(v) Union ( U ) , i n t e r s e c t i o n ( O ) and d i f f e r e n c e (- ) 
are defined i n the usual way. They are a p p l i c a b l e 
only to p a i r s of union-compatible r e l a t i o n s , 
1.2 In f o p r i a l _ b a s i c _ d e f i n i t i o n s 
The r e l a t i o n i s a t a b l e of data. e.g. 
PAYROLL 
NAME AGE SALARY 
SMITH 25 2000 
ou 113 \J\J 
WILLIAMS 20 1200 
BEGGS 37 5 COO 
( i ) I n t h i s model the s m a l l e s t u n i t of information i s Lhe 
o b j e c t . Objects may be represented i n the computer 
by i n t e g e r s , c h a r a c t e r s t r i n g s or r e a l numbers, e t c . 
(e.g. SMITH, 25 and 2000 are o b j e c t s ) . These o b j e c t s 
are grouped together i n t o any s e m a n t i c a l l y meaningful 
fashion forming a s e t (e.g. the s e t of NAMEs, the s e t 
of AGEs, e t c . ) . Such s e t s are termed domains(columns). 
A t u p l e ( a row) i s an ordered s e t with one o b j e c t from 
each domain such t h a t a r e l a t i o n s h i p e x i s t s between 
the o b j e c t s (e.g. < SMITH, 25 ,20(X» i s a t u p l e ) . 
A r e l a t i o n i s a s e t of a l l t u p l e s of a given r e l a t i o n -
ship (e,g. the above data t a b l e PAYROLL i s a r e l a t i o n ) . 
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The degree of a r e l a t i o n i s the number of i t s domains 
(e.g. the r e l a t i o n PAYROLL has a degree=3). 
The c a r d i n a l i t y of a r e l a t i o n i s the number of i t s 
t u p l e s (e.g. the r e l a t i o n PAYROLL has a c a r d i n a l i t y = 4 ) . 
A N u l l r e l a t i o n has a c a r d i n a l i t y of zero. 
( i i ) R e l a t i o n a l o p e r a t o r s : 
Union: The union of two r e l a t i o n s i s the s e t o f t u p l e s 
common to both r e l a t i o n s . 
I3iter s e c t ion : The i n t e r s e c t i o n of two r e l a t i o n s 
r e s u l t s i n the 'set of tu p l e s of the two r e l a t i o n s . 
D i f f e r e n c e : i s the complement of i n t e r s e c t i o n i n the 
fj..cst rt: ]. at i o n . 
P r o j e c t i o n : generates a new r c l a t i c r . from a given 
r e l a t i o n by s u b s e t t i n g and ordering the domains. 
r e l a t i o n s a t i s f y i n g a boolean expression to form a new 
r e l a t i o n of the same or lower c a r d i n a l i t y . 
J o i n : The j o i n of two r e l a t i o n s i s the concatenation 
of a s e t of t u p l e s from each r e l a t i o n which s a t i s f y 
the boolean f i l t e r of the j o i n . 
2. The primary key 
Each candidate key K of r e l a t i o n R i s , as defined by [Codd 
November 1971], a combination of one or more a t t r i b u t e s of R 
such t h a t i n each tuple of R the value K uniquely i d e n t i f i e s 
the t u p l e (unique i d e n t i f i c a t i o n ) and th a t i f an a t t r i b u t e of 
K i s d i s c a r d e d i t w i l l no longer uniquely i d e n t i f y a tuple 
( i . e . non-redundancy). 
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For each r e l a t i o n R i n a data base, one of i t s candidate'keys 
i s a r b i t r a r i l y designated as the primary key of R. Usu a l l y 
no tuple i s allowed to have an undefined value f o r any of the 
primary key components. 
3. T r a n s i t i v e dependence 
For the r e l a t i o n R whose domains are A,B and C. I f a l l three 
of the fol l o w i n g time-independent, conditions hold: 
R.A-iR.B, R.B.-r^R.A 
R.B->R.C 
then domain C i s t r a n s i t i v e l y dependent on A under R. 
4. Normalisation of r e l a t i o n s 
M i - m *n "1 "i f ~ — . 4 - T - i - i «i r» —• - J - ^ v^i V-i» T _ r-t J • Q i — i jr\ * T^I. > ~ J-I •! 1 T ,-. v'. n / — • • > • • r > .-. .'T ^ 1 . , , . -' 
a. givpn col3 ect? , _ , r? of iTftl^tions by S".cc6s:;;'' u ,2 c o i i f c t i o " ^ i r ; 
which the r e l a t i o n s have a p r o g r e s s i v e l y simpler and more 
r e g u l a r s t r u c t u r e [Codd November 1971]. 
A r e l a t i o n i s normalised by e l i m i n a t i n g the follov.'ing: 
(1) a l l the domains t h a t have t u p l e s ( s e t s ) as elements, 
(2) the n o n - f u l l dependence of the non-prime a t t r i b u t e s 
on candidate keys, i . e . r e p e a t i n g groups. 
(3) t r a n s i t i v e dependence of non-prime a t t r i b u t e s on 
candidate keys. 
When (1) i s e l i m i n a t e d the r e l a t i o n i s i n the f i r s t normal form. 
When (1) and (2) are e l i m i n a t e d the r e l a t i o n i s i n the second 
normal form. 
When ( 1 ) , ( 2 ) and (3) are e l i m i n a t e d the r e l a t i o n i s i n the t h i r d 
normal form. 
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An- unnormalised r e l a t i o n i s one which i s not i n the f i r s t 
mormal form. [Codd August 1971J 
5• Data independence 
Th i s i s the independence of a p p l i c a t i o n programs and te r m i n a l 
a c t i v i t i e s from growth i n data types and changes i n data 
r e p r e s e n t a t i o n [codd June 19 70^ . 
Data independence separates rA\p. a p p l i c a t i o n programs and the 
user's view of the data from some aspec t s of the storage and 
s t r u c t u r e of data i n the data base. Hence the a p p l i c a t i o n 
programs are p r o t e c t e d from the' changes i n the e x t e r n a l world 
and wxth-Ln the computer. 
B: T H E NETWORK A P P k Q a C H From[Bachman 1 9 7 j ] 
A t y p i c a l example of network s t r u c t u r e s i s given below. 
Tf the r e l a t i o n s h i p between authors,- books and people i R 
considered, i t may be shown that thee i s an mm r e l a t i o n s h i p 
between books and people. Any p a r t i c u l a r book has a l : n 
r e l a t i o n s h i p with the persons who were i t s authors. From 
the other p o i n t s of view, there i s a l:m r e l a t i o n s h i p between 
a person and the books he may have authored. The f i g u r e 
shows t h i s network r e l a t i o n s h i p . I t i s termed a network 
because many people are r e l a t e d d i r e c t l y through one book, 






This type of network i s c a l l e d a compound network because two 
d i f f e r e n t e n t i t y c l a s s e s (book, person) are "bridged" by a 
t h i r d e n t i t y c l a s s ( a u t h o r ) . Examples of compound network 
elements a r e : book/author/person; purchase o r d e r / l i n e item/ 
inventory; row/e lement/coium:-.; r e s o u r c e / w o r k l o a d / a c t i v i t y . 
T h i s type of network s t r u c t u r e cannot be handled e a s i l y i n 
h i e r a r c h i c a l f i l e s because the dependent e n t i t y cannot be 
a s s o c i a t e d with more than one independent e n t i t y . The most 
common means of handling the above i l l u s t r a t e d network i n 
h i e r a r c h i c a l s t r u c t u r e s i s through d u p l i c a t e f i l e s , where 
the network i s broken i n t o two "simple h i e r a r c h i e s . The 
f o l l o w i n g diagram i l l u s t r a t e s such a s p l i t t i n g of the s t r u c -












I f i n t e r e s t leads from book to author, a r e - e n t r y through '.he 
person f i l e can i n d i c a t e other books by the same author. 
Network s t r u c t u r e s , then, are c h a r a c t e r i s e d by the f a c t t h a t 
two e n t i t i e s are r e l a t e d through one e n t i t y of another c l a s s . 
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A P P E N D I X £l 
THE IS/1.0 SYSTEM 
The IS/1.0 i s an e a r l y v e r s i o n of a prototype general purpose 
information system. I t i s a s i n g l e user system based on the 
r e l a t i o n a l model of data. 
1. The i n s t r u c t i o n s e t of IS/1.0 
The s e t of IS/1,0 .functions and language i s stack based. I t 
handles the information i n the form of r e l a t i o n s . The stack 
provides the temporary storage and the workspace. R e l a t i o n s 
are conceptually loaded from the data base to the stack and 
operations are c a r r i e d out on them independently of the infor-
mation i n the data base. 
1.1 T h e _ s t a c k _ p o s i t i o n s 
A l l s t a c k p o s i t i o n s are r e l a t i v e to the top of the st a c k . 
The top two r e l a t i o n s on the stack may be r e f e r r e d to a s : 
TOP - the top item on the c u r r e n t stack 
PEN - the penultimate item 
1*2 3! !}§_sy§tem_ operators 
LOAD(R); Loads r e l a t i o n R o n the top of the st a c k . 
STORE(R); Stores the r e l a t i o n on the top of the 
stack under the name R. 
LIST; L i s t s the r e l a t i o n on the top of the 
stack to the output. 
DROP(n) ? Drops n r e l a t i o n s from the top of the 
s t a c k . 
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1.3 Modificatign_of„the_data_base_index_functions 
NEW(R); Introduces a new r e l a t i o n i n t o the index. 
DELETE(R); Deletes a r e l a t i o n name from the data base 
index. I f no synonym e x i s t s the a c t u c i l 
datd w i l l be deleted from the data base. 





Takes the top two elements of the s t a c k , 
forms t h e i r union and puts the r e s u l t i n g 
.element back onto the s t a c k . 
Forms the i n t e r s e c t i o n / d i f f e r e n c e of the 
two elements on the top of the s t a c k . 
I s same as Projection(domain,domain). 
[A l o g i c a l f i l t e r i s e s s e n t i a l l y a l o g i c a l statement about the 
top two elements of the s t a c k . 
l o g i c a l f i l t e r = 
S E L E C T ( l o g i c a l _ 
f i l t e r ) . 
REMOVE(logical^ 
f i l t e r ) 
J O I N ( l o g i c a l _ 
f i l t e r ) 
> 
comparison 
( l o g i c a l _ f i l t e r j 
•"• l o g i c a l f i l t e r 
l o g i c a l f i l t e r and l o g i c a l f i l t e r 
l o g i c a l f i l t e r / l o g i c a l f i l t e r ] 
Selects/removes from the r e l a t i o n on the 
top of the stack a l l t u p l e s f o r which 
the l o g i c a l f i l t e r i s t r u e . 
J o i n s the t u p l e s of the top two elements 
of the stack f o r which the l o g i c a l 
f i l t e r i s t r u e . 
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1.-5 21:L12E_2ESr2t2£5 
MIN(domain) | Leaves a s i n g l e tuple (of the r e l a t i o n on 
MAX(domain) J the top of the stack) i n which the o b j e c t 
of the parameter domain i s minimum/ 
maximum. 
1.6 ?h§_IS/1^0_program 
The syntax of the JS/1.0 program i s : 
jaliVjxfN J L O / x ; 
<statements of the program> 
END; 
The i n s t r u c t i o n s are compiled and executed when the command 
EXECUTE; 
i s i s s u e d . 
1.7 Control_commands 
GOTO .label; Non-conditional jump 
< > 
l a b e l : 
I F ( l o g i c a l _ f i I t e r ) l a b e l ; C o n d i t i o n a l jump 
1.8 I S / l i 0 _ s e s s i o n 
An example of an IS/1.0 s e s s i o n i s shown i n Fig u r e 2.2. 
2. A p p l i c a t i o n programs 
These are ordinary PL/1 r o u t i n e s i n t e r f a c e d with the system 
v i a the system macros and they can access the stack as w e l l 
as the data base r e l a t i o n s . 
218 
3. The defined r e l a t i o n s c a p a b i l i t y 
IS/1.0 has the f a c i l i t y of d e f i n i n g r e l a t i o n s on other r e l a t i o n s . 
An i m p l i c i t r e l a t i o n i s made e x p l i c i t i f the r e l a t i o n i t s e l f o r 
a r e l a t i o n dependent on i t i s r e q u i r e d f o r r e t r i e v a l or update 
(cf- Chapter 2 ) . The replacement algorithm of the IS/1.0 bases 
i t s c r i t e r i o n on the usage count of the r e l a t i o n (Cf. Chapters 
3 and 4 ) . 
4. 
The system may be used from a t e r m i n a l or from batch (pseudo-
terminal) . I t has backup f a c i l i t i e s . 
[Notley 19 72] 
APPENDIX e 
Given a domain i n a r e l a t i o n , i t i s r e q u i r e d to f i n d the s e t 
of the d i f f e r e n t o b j e c t values i n the domain. ' T h i s may be 
found by e i t h e r s o r t i n g the o b j e c t s of the domain or without 
s o r t i n g . I t i s r e q u i r e d to compare the number of o b j e c t 
comparisons involv e d with and without s o r t i n g . 
Consider a domain i n a r e l a t i o n of c a r d i n a l i t y m. L e t the 
number of d i f f e r e n t o b j e c t s be n. /x\ 
/ a \ 
\'\ 
7 
\ X i w 
R 5 
(a) Without s o r t i n g 
r p l - . s-\ r - -I- /—w >—. I — -P/—\ " l 1 r ^ t . T J — . .-H Tl *.-,"> " 
l l l C i j u t ^ u J _ v . y _ i _ j . w r v v — u i . % 
i ) take the f i r s t o b j e c t from the domain and p l a c e i t 
i n the r e s u l t i n g domain ( R ) . 
Set i = l . 
i i ) take the next o b j e c t from the domain. Compare i t 
with a l l the o b j e c t s i n ( R ) . I f a match i s found 
go to ( i i ) otherwise place the new ob j e c t i n R 
(and hence i n c r e a s i n g the number of o b j e c t s i n R 
by I , i . e . i = i + l ) . T h i s i s continued u n t i l a l l 
the o b j e c t s of S are exhausted, 
i i i ) i i s the number of o b j e c t s i n R. 
The average number of o b j e c t s having the same value = ^ 
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L e t us consider the number of comparisons f o r o b j e c t s 
having the f i r s t value (e.g. x) : 
(The f i r s t o b j e c t i s placed without maki.na a .v. 
comparison. The f o l l o w i n g o b j e c t s w i l l be / s \ 
/ c \ 
compared v/ith the only one o b j e c t placed i n / m 
,m 
Number of comparisons f o r o b j e c t s having the 
1 + (- - 1) x 2 vn ' 
Number of comparisons .for o b j e c t s having the 
t h i r d value (e.g. s) 




= 0 + (-• - 1) x 1 \ b , 
\ x / 
\ 1 I W 
second value (e.g. b) >x' 
S i m i l a r l y , number of comparisons f o r o b j e c t s 
having the value 
= (n-1) + (52.- 1) x n 
T o t a l number of comparisons 
= (0+1+2+...+(n-l)) + ~ 1)(1+2+3+...+n) 
= (n-1) x £ + - 1) (n+1) x ^ 
= ? ( n - l - ( n + l ) ) + - x (n+1) x § 
= -n + ^(ri+l) = 2(11+1) - n 
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N. 13. I f the o b j e c t s placed i n R are arranged i n such a 
way t h a t they are ordered, t h i s wculd decrease the number 
m r ^ 
of comparisons to — >^ log i . The number of r e p l a c e -
ments w i l l i n c r e a s e . 
(b) With s o r t i n g 
The fo l l o w i n g steps are f o l l o w s : 
i ) s o r t the o b j e c t s of the domain, 
i i ) p l a c e the f i r s t o b j e c t i n K. 
i i i ) compare the l a s t o b j e c t placed i n :< with the next 
o b j e c t i n the domain. I f there i s a match go to 
( i i i ) . I f there i s no match place the compared 
obj e c t i n P. = T h i s i s continued u n t i l the objects: 
of S are exhausted, 
i v ) . count the number of o b j e c t s i n P.. 
Expected number of comparisons using quick s o r t 
- 1.3863 m log 2m [Gerhard 1974] 
Number of comparisons f o r scanning through the s o r t e d 
domain 
= (m-1) 
T o t a l number of comparisons 
= (m-1) + 1.386 m log 2m — ( 2 ) 
I t pays o f f to s o r t i f (1) > (2) 
™-(n+l) - n > (m-1) + 1.386 m log2m 
d i v i d i n g by m (m>0) 
^•(n+l) - - > (1 - -) + 1.386 log.m 2 m m ^2 
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1 « 1 
JTl 
n+1 > 2 + — + 2.2 772 loa,™ m "2 
2 1 - — + 2.772 locf_m 
r > rn -'2 
1--
m 
n > 2.772 log_m 
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Buffer size = 18 
FIGURE A4: 
A sample problem i l l u s t r a t i n g t r e e 
pruning. The numbers i n s i d e a node 
i n d i c a t e the b u f f e r contents f o r the 
corresponding s t a t e . Each a r c i s 
l a b e l l e d with the page de l e t e d i n 
making a t r a n s i t i o n to a new s t a t e 
(a s t a r denotes t h a t no d e l e t i o n was 
necessary; the requested page was 
i n the dynamic a r e a ) . The cumulative 
cost i s given above the node. 
Pj]ackened nodes are these terminated 
by the pruning algorithm. 
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APPENDIX QD 
THE PREFERRED SET 
A f t e r Casey [Casey and Osman. to be publ i s h e d ] 
t h 
Assunie t h a t the frequency of request f o r the k defined 
r e l a t i o n over a given i n t e r v a l of time i s Uj , . Suppose a l s o 
t hat the contents of the dynamic storage area i s held f i x e d 
over t h i s time i n t e r v a l , i . e . no replacement, of data i s 
c a r r i e d out. This c o n s t i t u t e s a v i o l a t i o n of our assumed 
p r i n c i p l e of database operation: however, the assumption i s 
made only f o r the sake of argument. (As an a s i d e , we observe 
t h a t such an assumption i s v a l i d i f requests are f u l f i l l e d by 
e n t e r i n g the d e s i r e d data i n a user wuiktpace r a t h e r than a 
We now seek to determine what should be the contents of the 
dynamic storage area i n order to minimize the cost of 
f u l f i l l i n g r equests over the given time i n t e r v a l . We c a l l 
t h i s s e t of e x p l i c i t r e l a t i o n s the " p r e f e r r e d s e t " . The 
question w i l l be formulated as the problem of maximizing the 
decrease i n p r o c e s s i n g cost compared with a system t h a t 
answers every request from base data ( i . e . doeo not maintain 
e x p l i c i t forms). I n mathematical notation we seek to a s s i g n 
values 0 or 1 to each X^ such that the t o t a l cost reduction 
G(X) = ^ u k . C k. X k 
i s maximized s u b j e c t to the storage c o n s t r a i n t 
s. . X, < s 
L-r* X k O 
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where S Q i s the s i z e of the dynamic area. The s e l e c t i o n 
v a r i a b l e s X determine the contents of the dynamic area, o 
For c e r t a i n v a l u e s of S the s o l u t i o n of t h i s i n t e g e r 
o 
programming problem may be obtained using a d i s c r e t e 
Lagrangian technique [ E v e r e t t 1963]. For otiier v a l ues of 
S q the Lagrangian method does not guarantee an optimal s e t 
of X, , but does provide a u s e f u l bound on the cost reductior 
achievable. 
The s o l u t i o n s e t i s obtained as f o l l o w s : f o r each k form 
the r a t i o 
_ _ U k ' Ck. 
z k w, 
Now arrange the i n decreasing order. For convenience 
we may assume t h a t defined r e l a t i o n s are a c t u a l l y numbered 
in dp'^re^sinrr nrd>~r of Z- . Then f n ~ each r thi= =5 = gi ~ri~~.~t. 
x k = 
1 k - r 
,0 k > r 
i s a s o l u t i o n to the maximization problem for the case 
o 
Thus i f the data base contains n defined r e l a t i o n s t h i s 
method generates s o l u t i o n s f o r n d i f f e r e n t v a lues of S , 
Furthermore, f o r intermediate values of S , say ' o 
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t 
R S I 
k o 
the obtainable savings i n c o s t , G(X) , s a t i s f i e s the bound 
That i s , the cost savings r i s e s no f a s t e r than l i n e a r l y v/ith 
storage s i z e betv;een the derived s o l u t i o n p o i n t s . 
The i n t e r p r e t a t i o n of t h i s r e s u l t i s t h a t i f the time v a r y i n g 
nature of requests i s n e g l i g i b l e (for example i f requests occyr 
randomly) then the optimal system tends to maintain i n e x p l i c i t 
form those r e l a t i o n s having the higher values of . which I s 
p r e c i s e l y the e f f e c t of the LECS technique. 
U k4rf k 




Given a two-dimensional m x n matrix, F, holding the number 
of r e f e r e n c e s of query types versus domains, i t i s r e q u i r e d 
to c l u s t e r the groups a t d i f f e r e n t l e v e l s of s i m i l a r i t y . 
In the terminology of numerical taxonomy the domains are 
c a l l e d the forms and the query types are c a l l e d the c h a r a c t e r s 
and the problem i s a c l u s t e r a n a l y s i s problem fBoyce, 1368]. 
C a l c u l a t i o n of s i m i l a r i t y 
The forms are thought of as points l y i n g i n a multidimensional 
space, the axes of which correspond t o the c h a r a c t e r s on whicn 
comparisons are based. The r e l a t i v e p o s i t i o n s of the p o i n t s 
i n t h i s " c h a r a c t e r space" are determined by the; p a r t i c u l a r 
c h a r a c t e r values possessed by each form. 
Distance c o e f f i c i e n t s 
The d i s t a n c e c o e f f i c i e n t s are r e l a t e d to a c l a s s of d i s t a n c e 
f u n c t i o n s - whose general formula i s (a Holden norm): 
where F.. i s the value of c h a r a c t e r i f o r form j , i . e . the ID 
number of r e f e r e n c e s of type i query to domain j . 
( I f the number of c h a r a c t e r s v a r i e s from comparison to compa-
d ( j , k ) 
r i s o n the d i s t a n c e i s u s u a l l y m u l t i p l i e d by n r 
The ordinary E u c l i d e a n d i s t a n c e (r=2) i s thus 
, v 1 
i c U ( j , k ) i k 
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The d i s t a n c e s are evaluated. These re p r e s e n t the s i m i l a r i t i e s 
between the forms. An n x n s i m i l a r i t y matrix i s constructed. 
Formation of groups 
V?e s t a r t by having n groups (subsets) each containing only one 
form (domain). These groups are c a l l e d c l u s t e r s . Each two 
c l u s t e r s which are most s i m i l a r are j o i n e d (or merged) together 
t o form a l a r g e r c l u s t e r . 
The s i m i l a r i t y between two groups i s measured by the dis t a n c e 
betv/een the c e n t r o i d s of the two groups. Tnis d i s t a n c e i s 
expressed i n terms of the d i s t a n c e s among the members of the 
two groups (x and y) as f o l l o w s : 
' _ . .t - I _ . t. . - I _ 
d = B - —£— W - TT^— W 
C iL u X *- 'C V" 
x y 
where t ^ i s the number of the members of group k. 
P> .is the mean of the squared d i s t a n c e s .between 
the t j , members of group k and the t.^ members 
of group 1. 
i s the mean of the •§tj.(t^~1) squared d i s t a n c e s 
w i t h i n group k. 
At the end of each step we obtain a s e t of subsets. F i n a l l y , 
we end up with one s e t . The maximum number of these s e t s 
(the p o s s i b l e s o l u t i o n s ) i s n. 
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